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ABSTRACT
Preemergence (PRE) herbicides were evaluated in multiple experiments to
determine their impacts on hybrid bermudagrass morphology [(C. dactolyn (L.) Pers. x C.
transvaalensis (Burtt Davy)]. First, indaziflam and prodiamine were applied to hybrid
bermudagrass rooted to various depths in either sand or silt loam mini-rhizotrons. Results
indicated that prodiamine (a mitiotic inhibitor) and indaziflam (a cellulose biosynthesis
inhibitor) both significantly reduced root length density compared to a non-treated
control; however, indaziflam treated plants exhibited foliar injury (i.e., reddening,
necrosis) while those treated with prodiamine did not.
The researchers surmised that reductions in root length density with indaziflam
may compromise macro- or micronutrient accumulation in foliar tissue, thus explaining
the foliar injury observed in initial work. Glasshouse experiments were conducted in
hydroponic culture evaluating effects of PRE herbicide treatment on hybrid bermudagrass
nutrient content. Similar to previous studies, both indaziflam and prodiamine reduced
hybrid bermudagrass root growth, with indaziflam treatment also resulted in foliar injury.
Nutrient analysis showed that indaziflam reduced magnesium (Mg) and manganese (Mn)
compared to non-treated controls, potentially explaining the foliar injury observed.
Additional mini-rhizotron studies were conducted to determine the effects of
organic matter content on hybrid bermudagrass tolerance to indaziflam. Plants were
established in sand-rootzones varying in organic matter content (0.000, 0.003, 0.007, and
0.012 kg kg-1 [kilogram per kilogram]). Foliar injury with indaziflam was reduced as
organic matter content increased; moreover, reductions in root length density with both
indaziflam and prodiamine were less pronounced in soils containing more organic matter.
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Lastly, a field study was undertaken to determine the influence of PRE herbicides
on hybrid bermudagrass divot resistance and recovery. Plots were subjected to the
factorial combination of seven herbicide treatments (indaziflam at 35 and 52.5 g ha-1
[grams per hectare]; prodiamine at 840 g ha-1; pendimethalin at 3360 g ha-1; dithiopyr at
560 g ha-1; oxadiazon at 3360 g ha-1; untreated control) and three divot timings [1, 2, and
3 months after herbicide treatment (MAT)]. Under the conditions of this study,
applications of PRE herbicides at labeled rates did not affect divot resistance or recovery.
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PROJECT 1: DETERMINE THE EFFECTS OF ROOTING DEPTH ON HYBRID
BERMUDAGRASS INJURY WITH INDAZIFLAM IN VARIOUS SOILS
Research was initiated in 2011 to determine the effect of rooting depth on
bermudagrass injury with indaziflam in various soils. ‘Tifway’ hybrid bermudagrass was
established from washed sod in mini-rhizotrons at the University of Tennessee in August
2011. Silica sand and silt loam soil were poured and packed into each mini-rhizotron at a
density of 1.6 Mg m-3. An overhead irrigation system was used to promote active growth.
Plants were maintained at a height of 3.8 cm and were fertilized weekly at 49 kg N ha1

with a complete fertilizer (20N: 20P2O5: 20K2O). Plants established in each soil were

treated with one of six treatments once root growth had reached the desired depth (5, 10,
or 15cm). Herbicide treatments included indaziflam (35, 52.5 and 70 kg ha-1), prodiamine
(0.595 and 0.840 kg ha-1), and oxadiazon (3.36 kg ha-1). An untreated control was
included for comparison. Treatments were applied with a CO2-powered boom sprayer
calibrated to deliver 281 L ha utilizing flat-fan, 8002 nozzles at 124 kPa, on August 8,
2011. Treatments were watered in (~6mm) after application.
Hybrid bermudagrass injury was assessed every seven days visually using a 0 (no
injury) to 100 (plant death) scale. Digital image analysis was also performed to support
visual assessment of injury. At six weeks after treatment, roots were washed free of
media and excised as close to the crown as possible. WinRhizo software was used to
characterize root length, root length density, and root surface area according to methods
of Brosnan et al. (2010b).
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Indaziflam is a preemergence, alkylazine herbicide that inhibits cellulose
biosynthesis. It is currently labeled for use in hybrid bermudagrass, a turf species
commonly used in golf courses. Given reports of foliar injury prior to indaziflam
application and the general lack of published literature, investigation of the factors
causing this injury is warranted.

Objectives:
•

Determine the effect of rooting depth on hybrid bermudagrass when
established in a Sequatchie silt loam and sand rootzone.

•

Evaluate and compare root and shoot reductions.

•

Identify differences in mode of action impacts on reduction.
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PROJECT 2: DETERMINE THE EFFECTS OF PRE HERBICIDE
APPLICATIONS ON HYBRID BERMUDAGRASS
NUTRIENT CONCENTRATIONS
Research was initiated in 2012 evaluating the effects of PRE herbicides on hybrid
bermudagrass nutrient concentrations. Polyethylene containers (Rubbermaid Roughneck,
Rubbermaid Commercial Products LLC, Winchester, VA) with a 11.3 L volume were
placed in a greenhouse at the University of Tennessee. Average day/night temperatures in
the greenhouse were 27/21 C under conditions of natural light. These containers were
filled with 10 L of deionized water and Hoagland’s solution (200 ppm N, 235 ppm K,
200 ppm Ca, 31 ppm P, 64 ppm S, 48 ppm Mg, 0.5 ppm B, 1 ppm Fe, 0.5 ppm Mn, 0.05
ppm Zn, 0.02 ppm Cu, 0.01 ppm Mo). Containers were aerated using an air stone
(HAGEN Elite 1" Cube Air Stone, Rolf C. Hagen Corp., Mansfield, MA), 6.4 mm inside
diameter Tygon tubing (Saint-Gobain Performance Plastics Akron, OH), and an air
compressor (Sweetwater Blower Model S-41, Aquatic Eco-Systems, Inc., Apopka, FL.).
The hydroponic solution was allowed to come to equilibrium and a 10 ml sample was
extracted, stored in a scintillation vial (Wheaton Science Products, Millville, NJ) and
refrigerated at ~2 C prior to analysis. Samples represented initial nutrient concentrations
before transplanting washed bermudagrass sod.
Ten holes (1.3 cm diameter) were drilled into the lid of each container, spaced ~4
cm apart. Plugs of Tifway hybrid bermudagrass sod were washed free of soil and inserted
into each hole. Thus, mean values for single container were generated using 10 subsamples. Plants were allowed to acclimate to the greenhouse for 3 weeks before applying
herbicide treatments.
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Treatments included indaziflam (35 and 52.5 g ha-1), prodiamine (0.84 kg ha-1),
oxadiazon (3.36 kg ha-1), and isoxaben (1.12 kg ha-1). An untreated control was included
for comparison. Treatments were applied by diluting each rate of herbicide in distilled
water and applying 10 ml of stock solution into each container with a syringe. Treatments
were arranged in a completely randomized design with five replications and the
experiment was repeated in time.
Visual foliar injury to newly emerging shoot tissue was assessed weekly after
application using a 0 (no injury) to 100 (plant death) scale. Root tip color was also
visually evaluated weekly on a 1 (i.e., black) to 5 (i.e., white) scale to provide a
assessment of root health following herbicide treatment. Root system quality was
evaluated similarly on a 1 (i.e., blackish brown roots with a few hairs, branching or
evidence of new growth) to 5 (i.e., white roots with abundant branching and new growth)
scale on the same interval.
At the conclusion of the study, deionized water was added to each container to
return the volume of solution to 10 L. A 10 ml aliquot was extracted, stored in a
scintillation vial, and refrigerated prior to nutrient analysis. Values represent the
concentrations of nutrient remaining after herbicide treatment. These values will be
subtracted from initial concentrations to determine the effect of herbicide treatment on
nutrient depletion from solution. Additionally, all above- and below-ground biomass was
harvested from each container. After fresh weights were recorded, all biomass was dried
for 4 days and 105 C and weighed. Samples were analyzed to determine concentrations
of N, K, Ca, P, S, Mg, B, Fe, Mn, Zn, Cu, Na, Al in shoot and root tissue.
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As a result of PRE herbicide impacts on hybrid bermudagrass root morphology,
nutrient uptake could be negatively affected. Injury symptoms suggests plant deficiency
in P, Ca, Mg, or Mn. Given that foliar nutritional analysis methods are well documented,
plants were grown in a hydroponic environment using a uniformly nutritious liquid media
to encourage homogenous plant growth.

Objective:
•

Use nutritional analysis to determine the impact of PRE herbicides on
elemental concentrations in hybrid bermudagrass.
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PROJECT 3: DETERMINE EFFECTS OF VARYING LEVELS OF ORGANIC
MATTER ON HYBRID BERMUDAGRASS INJURY WITH INDAZIFLAM
Research was initiated in 2012 to determine the effect of organic mater content on
hyrbid bermudagrass injury with indaziflam in sand-based rootzones. ‘Tifway’ hybrid
bermudagrass was established from washed sod in mini-rhizotrons at the University of
Tennessee. Mini-rhizotrons were constructed with three uniformly blended sands
conforming to United States Golf Association particle size diameter specifications (0% >
2.0 mm; 0.9% 1.0 to 2.0 mm; 25.8% 0.5 to 1.0 mm diameter; 55.7% 0.25 to 0.5 mm;
13.8% 0.15 to 0.25 mm; 3.6% 0.05 to 0.15 mm). Sands were blended with sphagnum peat
moss to three volumetric sand-to-peat ratios: 1) a 95:5 mix containing 0.003 kg kg-1
organic matter (by weight); 2) an 80:20 mix containing 0.007 kg kg-1 organic matter (by
weight); and 3) a 60:40 mix containing 0.012 kg kg-1 organic matter (by weight). Each
mixture was poured and packed into mini-rhizotrons at a bulk density of 1.6 Mg m-3. An
overhead irrigation system was used to promote active growth after sodding. Plants were
maintained at a height of 3.8 cm and were fertilized weekly at 49 kg N ha-1 with a
complete fertilizer (20N: 20P2O5: 20K2O). Herbicide treatments included indaziflam (35
and 52.5 g ha-1), and prodiamine (595 and 840 g ha-1). An untreated control was also
included for comparison. Treatments were arranged in a randomized complete block
design with four replications and repeated in time. Herbicides were applied once plants
reached a rooting depth of 10 cm using a CO2-powered boom sprayer calibrated to
deliver 281 L ha utilizing flat-fan, 8002 nozzles at 124 kPa. Treatments were watered in
(~6 mm) after application.
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Hybrid bermudagrass injury was visually assessed every seven days visually after
application using a 0 (no injury) to 100 (plant death) scale. Digital image analysis was
also be performed to support visual assessments of injury. At 6 WAT, roots were washed
free of media and excised as close to the crown as possible. WinRhizo software was used
to characterize root length, root length density, and root surface area according to
methods employed in Objective #1.

Considering the root reductions and above ground foliar injury observed after
PRE herbicide applications to hybrid bermudagrass in a sand based environment, varying
sand and peat blends were evaluated for their impacts on this injury. There is no
published recommendation for the minimum amount of soil organic matter required to
prevent injury symptoms with indaziflam.

Objectives:
•

Determine if soil organic matter levels have an impact on the injury
observed with indaziflam in hybrid bermudagrass.

•

Quantify the amount of soil organic matter required to reduce
herbicidal injury.
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PROJECT 4: EFFECT OF PREEMERGENCE HERBICIDES ON HYBRID
BERMUDAGRASS DIVOT RESISTANCE AND RECOVERY
Research was conducted in 2012 on a mature stand of ‘Tifway’ hybrid
bermudagrass at the University of Tennessee Center for Athletic Field Safety (Knoxville,
TN). The rootzone of the established turf consisted of a medium sized sand blended with
sphagnum peat moss (80% sand: 20% peat moss, by volume), conforming to the United
States Golf Association physical property and particle size distribution specifications.
The turf stand was mowed three times weekly at a height of 3.2 cm, with the clippings
being returned following each mowing. Irrigation as applied along with a complete
fertilizer (24 N: 6 P2O5: 12 K2O) at a rate of 244 kg N ha-1 per year in order to encourage
maximum growing potential.
Herbicide treatments were applied to plots (0.9 x 0.9 m) with a CO2-powered
boom sprayer calibrated to deliver 281 L ha-1, using 8002 flat-fan nozzles (Tee Jet;
Spraying Systems Co., Roswell, GA). Treatments included indaziflam (35 and 52.5 g ha1

), prodiamine (840 g ha-1), pendimethalin (3360 g ha-1), dithiopyr (560 g ha-1), and

oxadiazon (3360 g ha-1) as well as an untreated control. All treatments received ~6 mm of
irrigation one day after application as a result of no rainfall.
Divots were generated using the DIVOT apparatus of Brosnan et al. (2012).
DIVOT consists of a structural frame, a pendulum-based reinforced shaft, a leveling
system to position a golf club head in relation to the turf surface, and removable ballast
masses to generate divots using varying levels of impact energy (Brosnan et al., 2012).
Divots were generated by releasing the reinforced shaft from a height of 1.47 m. During
this experiment, the shaft was weighted to generate divots using 1,117 J of impact
9	
  	
  
	
  

energy. A total of three divots per plot were generated 1, 2, and 3 months after herbicide
treatment (MAT).

PRE herbicides have been documented to have negative impacts on hybrid
bermudagrass root growth. Considering a healthy root system is vital in the recovery of
divots formed on a golf course, research was undertaken to determine if preemergence
applications would impact divot size or recovery rate. With preemergence herbicide
residual soil activity in mind, divot formation could happen 1, 2, or 3 months after
treatment (MAT).

Objective:
•

Determine the effects of PRE herbicide application on hybrid
bermudagrass divot resistance and recovery.

10	
  
	
  
	
  

CHAPTER 1: LITERATURE REVIEW
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BERMUDAGRASS BIOLOGY USE IN THE TRANSITION ZONE
Bermudagrass (Cynodon spp.) originated in sub-humid, open, closely grazed
grasslands from the Indian Ocean to Africa to the East Indies (McCarty and Miller 2002).
It was introduced into the United States in the mid-1700s and is commonly used on golf
courses, athletic fields, and lawns throughout the transition zone and southward (Fishel et
al., 1993; McCarty and Miller, 2002). Bermudagrass growth is optimal at air
temperatures exceeding 29 C, and the species will transition into dormancy when air
temperatures fall below ~10 C (Juska and Hanson, 1964). According to Lyman et al.
(2007), there are more golf courses established with bermudagrass than any other species;
approximately 196,633 hectares of bermudagrass are used on golf courses, more than
60,702 hectares greater than the next closest species, Kentucky bluegrass (Poa pratensis
L.).
Hybrid bermudagrass is an interspecific hybrid cross of common bermudagrass
(Cynodon dactylon (L) Pers.) and African bermudagrass (Cynodon transavaalensis BurttDavy) (Li and Qu, 2004). Hybrid bermudagrasses are frequently used on golf courses in
place of common bermudagrass in that hybrids offer high turfgrass quality at low
mowing heights in addition to being able to tolerate and quickly recover from traffic
(Gibeault et al., 1992, McCarty et al., 2002). Goddard et al. (2008) reported that
‘Riviera,’ an improved common bermudagrass, and ‘Tifway’ hybrid bermudagrass
offered superior traffic tolerance compared to other cultivars. Other researchers have
supported this finding (Thoms et al., 2011; Trappe et al., 2011; Haselbauer et al., 2012).
Riviera has also been shown to exhibit similar density and quality to Tifway while
offering greater cold tolerance (Morris, 2002). In a study evaluating blends of seeded
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bermudagrass for use in the transition zone, Goatley et al. (2009) evaluated the
establishment rate, spring green-up, and visual quality of various blends of ‘Riviera’,
‘Wrangler’, and ‘Riata’ bermudagrass. The researchers reported that initial establishment
rates increased as the amount of Riviera increased in each blend. Acceptable turfgrass
quality was achieved when Riviera bermudagrass compromised at least 25% of the seed
blend. However, increasing the percentage of Riviera in each blend decreased spring
green-up.
Nutrient and irrigation management have been shown to affect bermudagrass
growth. Carrow et al. (1987) reported that Tifway bermudagrass required at least 200 kg
nitrogen (N) ha-1 per year. Johnson et al. (1987) evaluated various rates of N (between
100 and 300 kg ha-1) in combination with potassium (K) and concluded that the greatest
response in turfgrass quality and shoot density occurred by increasing the rate of N from
100 kg ha-1 to 200 kg ha-1. This increase in N had no effect on thatch accumulation but
reduced incidence of dollar spot (Sclerotinia homeocarpa). When maintained as a putting
green, hybrid bermudagrass cultivars such as ‘TifEagle’ require weekly applications of N
at rates ranging from 390 to 1170 kg N ha-1 per year in order to compensate for more
rigorous management practices and frequent clipping removal (McCarty, 2005;
McCullough et al., 2006).
Bermudagrass water use will vary regionally. Kneebone and Pepper (1982)
reported that water use by bermudagrass maintained at 2 cm did not differ between
varieties (‘Tifgreen’, ‘Santa Ana’, and common). Bañuelos et al. (2011) reported that
‘Tifway’, ‘Tifsport’, and ‘Tifgreen’ bermudagrass quality was reduced when irrigated at
<70% of their evapotranspiration levels. In a similar study quantifying drought response,
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Steinke et al. (2011) concluded that several bermudagrasses (‘Celebration’, ‘GN1’,
‘Grimes EXP’, ‘Premier’, ‘TexTurf’, ‘Tifsport’, and ‘Tifway’) lost green cover 15 to 30
days into drought (i.e., receiving no irrigation or rainfall). Celebration ranked highest in
drought tolerance requiring greater than 50 days without irrigation to lose green ground
cover. In the same study, bermudagrasses averaged 13 days to recover when supplied
with irrigation at 1.3 cm every three days (and adjusted for precipitation events).
	
  
PRE HERBICIDES USED FOR WEED CONTROL IN BERMUDAGRASS
Annual grassy weeds that germinate from seed, such as crabgrass (Digitaria spp.)
or goosegrass (Eleusine indica L.), are generally controlled with PRE herbicides
(Bhowmik et al. 1990; Callahan and High Jr. 1990; Cooper et al. 1990). In the
southeastern United States, PRE herbicides are commonly applied twice yearly for
control of summer annual weeds that germinate in early spring (e.g., crabgrass,
goosegrass) and winter annual species that germinate in late summer to fall [e.g., annual
bluegrass (Poa annua L.), henbit (Lamium amplexicaule, L.), purple deadnettle (Lamium
purpureum, L.), and common chickweed (Stellaria media (L.) Vill.)] (McCarty, 2005).
Pendimethalin and prodiamine are dinitroaniline herbicides used to control annual
grassy weeds by inhibiting mitosis (Senseman, 2007). Both herbicides control weeds by
inhibiting the production of the microtubule protein tubulin in susceptible species (Tresch
et al., 2005). Bhowmik and Bingham (1990) and Johnson (1997) reported that
pendimethalin at rates of 1.7 to 3.3 kg ha-1 effectively controlled large crabgrass
(Digitaria sanguinalis L.) in Kentucky bluegrass and common bermudagrass turf; similar
responses were also reported with prodiamine at 0.5 kg ha-1. Dernoeden (1998) reported
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that fall applications (13 Oct. 1995) of prodiamine at rates of 0.73 to 1.1 kg ha-1 provided
excellent (99%-96%) smooth crabgrass control the following year (20 Aug. 1996).
Brosnan et al. (2011) reported that PRE applications of prodiamine at 0.84 kg ha-1 in
spring effectively controlled smooth crabgrass (Digitaria ischaemum Schreb.) in
bermudagrass turf throughout the summer. McCurdy et al. (2008) reported greater
smooth crabgrass control with a PRE application of pendimethalin at 3.3 kg ha-1 than
with applications of quinclorac (0.84 kg ha-1) and dithiopyr (0.56 kg ha-1) applied at the 1
to 2 tiller stage of growth.
Dinitroaniline herbicides are also used to control winter annual species such as
annual bluegrass. Yelverton and McCarty (2001) evaluated the efficacy of prodiamine for
annual bluegrass control prior to overseeding Tifway bermudagrass with perennial
ryegrass (Lolium perenne L.). The researchers reported that applications at 0.84 kg ha-1
applied 6 to 8 weeks before overseeding provided the highest level of control (90%).
Applications to non-overseeded bermudagrass have not provided similar levels of
control. Brosnan et al. (2012) reported that PRE applications of prodiamine at 0.56 and
0.84 kg ha-1 in non-overseeded bermudagrass only controlled annual bluegrass ≤ 42% at
28 weeks after treatment. In ‘Kenblue’ Kentucky bluegrass, Dernoeden (1998) reported
effective control of annual bluegrass with prodiamine at 1.1 kg ha-1.
Dithiopyr is a substituted pyridine herbicide that inhibits mitosis in late metaphase
preventing spindle formation (Senseman 2007). Brosnan et al. (2010a) reported that
dithiopyr treatments (0.43 and 0.56 kg ha-1) applied to smooth crabgrass PRE resulted in
>85% control. McCurdy et al. (2008) reported ~92% control of smooth crabgrass with a
single application of dithiopyr at 0.56 kg ha-1 as well as sequential applications at 0.43 kg
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ha-1. Toler et al. (2003) found that 0.6 kg ha-1 of dithiopyr applied at 30 days before and
120 days after overseeding ‘Tifgreen’ putting greens with ‘Sabre’ roughstalk bluegrass
(Poa trivialis L.) provided >90% control of annual bluegrass with minimal stand
reduction (~72% coverage) of roughstalk bluegrass. Although weed control data were not
collected, Johnson (1995) reported that dithiopyr at 0.8 and 2.5 kg ha-1 resulted in
statistically lower seeded bermudagrass quality compared to an untreated check two
months after application.
Oxadiazon is an oxadiazole herbicide that controls weeds by inhibiting the action
of protoporphyrinogen oxidase; this inhibition results in the development of reactive
oxygen species that attack lipids and protein causing chlorophyll and carotenoid loss as
well as cell membrane disruption in susceptible species (Senseman, 2007). Oxadiazon is
primarily absorbed by shoot tissues and therefore has minimal impact on turfgrass root
growth (Senseman, 2007). Johnson (1997) reported >90% large crabgrass control with
oxadiazon at 3.4 kg ha-1. Johnson (1993) also reports that sequential applications of
oxadiazon at 1.1 kg ha-1 resulted in 97% control of large crabgrass (Anonymous, 2007).
Oxadiazon can also be used to control annual bluegrass in bermudagrass. Toler et al.
(2003) reported that 2.2 kg ha-1 applied 60 days before overseeding provided >90%
annual bluegrass control. Yelverton and McCarty (2001) reported >80% annual bluegrass
control with oxadiazon at 2.2 kg ha-1 as well.
Indaziflam is an alkylazine herbicide that also controls annual weeds by inhibiting
cellulose biosynthesis. Beard and Beard (2005) defined cellulose as an insoluble,
complex polymer carbohydrate formed from glucose. Cobb and Reade (2010) and Brown
et al. (1996) explained that cellulose consists of unbranched polymers of glucose residues
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arranged in linear chains. Although cellulose provides rigidity and strength to plant cell
walls, cellulose biosynthesis is poorly understood partially because there is no reliable in
vitro assay for its synthesis (Brown et al., 1996). Delmer and Amor (1995) explained that
a lack of reliable assay is due to a variety of factors affecting how cellulose is deposited
in nature.
Although cellulose biosynthesis is not well understood, herbicides inhibiting
cellulose biosynthesis inhibition (CBI) have been shown to affect different sites within
the cellulose biosynthetic pathway (Sabba and Vaughn, 1999). Dichlobenil, a CBI not
labeled for use in turfgrass (Anonymous, 2008b), will inhibit the incorporation of 14Cglucose into the acid soluble fraction of cell walls in rice (Oryza sativa L.) coleoptiles
(Hoson and Masuda, 1992). Several researchers have shown that treatment with 10
micromoles of dichlobenil negatively affects the number and arrangement of cellulose
synthesizing terminal complexes (TCs) on plasma membranes (Mizuta and Brown, 1992;
Rudolph et al., 1989) Sabba and Vaughn (1999) suggested that dichlobenil prevents
UDP-glucose pools from producing the cellulose required to stiffen and fuse the cell plate
with the parent cell wall during mitosis. Isoxaben is a benzamide herbicide that also
inhibits cellulose biosynthesis to control weeds such as common chickweed, large hop
clover (Trifolium campestre Schreb.) and henbit at application rates of 0.56 to 0.84 kg ha1

(Grant et al., 1990). Isoxaben has also been shown to inhibit the incorporation of 14C-

glucose into the acid-insoluble fraction of the cell wall in Arabidopsis (Heim et al.,
1990). However, unlike dichlobenil, isoxaben will result in cell plates becoming deficient
in both callose and cellulose (Durso and Vaughn, 1997). Sabba and Vaughn (1999)
hypothesized that isoxaben disrupts the biosynthetic pathway upstream of dichlobenil,
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potentially inhibiting the synthesis of UDP-glucose from sucrose. Since being released
for commercial sale in 2010, data describing effects of indaziflam on the cellulose
biosynthetic pathway have not been published. However, Brabham and Debolt (2013)
recently evaluated isoxaben resistant Arabidopsis mutants to indaziflam applications and
found that the plants did not display resistance to indaziflam, suggesting an alternate cite
of action.
However, indaziflam efficacy for both PRE and POST smooth crabgrass and
annual bluegrass control has been reported. Brosnan et al. (2011) reported that indaziflam
at rates as low as 35 g ha-1 provided PRE control of smooth crabgrass similar to
prodiamine. The researchers later observed that indaziflam at 52.5 g ha-1 provide POST
control of non-tillered smooth crabgrass ≥dithiopyr (560 g ha-1) and quinclorac (840 g ha1

) in both greenhouse and field situations (unpublished data). Brosnan et al. (2012)

reported that PRE applications of indaziflam at rates of 30 to 60 g ha-1 provided 93 to
100% annual bluegrass control. The researchers also reported 98 to 100% annual
bluegrass control with indaziflam applications made PRE and 4 weeks after a PRE timing
(WAP) at rates of 35 and 52.5 g ha-1. While POST activity was observed, reduced
efficacy was reported with applications made 8 and 12 WAP. Perry et al. (2011) observed
a similar response with indaziflam providing reduced annual bluegrass control efficacy
when applied in March compared to October and November in Alabama. Brosnan et al.
(2012) noted that plants were present when 4, 8, and 12 WAP treatments were applied to
field plots but did not quantify plant size or maturity at application. Brosnan and Breeden
(2012) concluded root absorption is required for weed control with indaziflam as soil-
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only and soil + foliar applications provided greater control of smooth crabgrass and
annual bluegrass than treatments made only to foliage.
PRE HERBICIDE AFFECTS ON MORPHOLOGY
Reports of reduced bermudagrass root growth following PRE herbicide treatment
with mitotic inhibitors (MTIs) are numerous. Tillman and Beard (1997) reported that
dinitoanilines herbicides negatively affected the root system of Tifway four weeks after
treatment (WAT). Bhowmik and Bingham (1990) reported that prodiamine at 2.2 kg ha-1
significantly reduced bermudagrass root growth compared to application at 1.1 kg ha-1;
however, all four prodiamine rates evaluated (0.3, 0.6, 1.1, and 2.2 kg ha-1) exhibited
significantly less root mass than the untreated check. In the same study, all pendimethalin
treatments (0.8, 1.7, 3.4 and 6.7 kg ha-1) also reduced rooting compared to the untreated
check. Fishel and Coats (1993) also found that prodiamine (1.1 kg ha-1) applied to mature
common bermudagrass resulted in decreased fresh root weight in the uppermost 5 cm of
the rootzone. In the same study, Fishel and Coats (1993) reported that dithiopyr at 0.8 kg
ha-1 reduced root weight in the upper 2.5 cm as well.
Additional research by Fishel and Coats (1994) confirmed these findings and
reported that lower rates of dithiopyr (0.56 and 1.1 kg ha-1) and prodiamine (0.56 and 1.1
kg ha-1) caused reductions in rooting compared to an untreated check. Dithiopyr reduced
the number of normal roots (i.e., not clubbed or swollen) from 36 to 97% while
reductions with prodiamine ranged from 19 to 97%. In another study, dithiopyr applied
30 days after sod installation at 0.84 and 2.5 kg ha-1 reduced ‘Tifway II’ bermudagrass
rooting by 50% and 70%, respectively 60 days after treatment (Ferrell et al. 2003).
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Pendimethalin, dithiopyr, and prodiamine have been shown to cause delays in
bermudagrass establishment that could potentially be related to reductions in rooting.
Johnson (1994) reported that pendimethalin applied at 6.7 kg ha-1 and dithiopyr at 1.6 kg
ha-1 delayed spring green-up time by approximately one month. Fagerness et al. (2002)
concluded that a fall application of prodiamine at 1.1 kg ha-1 significantly postponed the
establishment of Tifway bermudagrass sprigs the following summer by greater than
seven weeks compared to a non-treated control. Similar responses were observed with
fall applications of dithiopyr at 0.56 kg ha-1 as well (Fagerness et al. 2002).
Reports of foliar bermudagrass injury following PRE herbicide applications are
not as widespread as those detailing root reductions. McCullough et al. (2006) reported
that dithiopyr at 0.56 kg ha-1 reduced TifEagle bermudagrass color 14 to 45%. McCarty et
al. (1995) reported that dithiopyr, oxadiazon, and pendimethalin, injured St.
Augustinegrass (Stenotaphrum secondatum (Walt.) Kuntz.) 2 WAT as well.
Oxadiazon applications to bermudagrass do not significantly inhibit root growth
as the herbicide is absorbed primarily by foliar tissue of emerging shoots (Senseman,
2007). Bingham and Schmidt (1983) observed that oxadiazon applied immediately after
laying sod did not influence the shoot growth, root growth, or appearance of ‘Midiron’,
‘Tifway’, or ‘Tufcote’ bermudagrass when applied at 1.7, 3.4, and 6.7 kg ha-1. In a
similar study, Johnson (1980) reported that oxadiazon did not reduce root growth of
‘Tifdwarf’ or ‘Tifway’ bermudagrass at rates of 4.5 and 13.4 kg ha-1. Fishel and Coats
(1994) also reported that oxadiazon does not cause abnormal rooting when applied to
bermudagrass. Bingham and Hall (1985) reported that oxadiazon at 6.7 kg ha-1 did reduce
bermudagrass root development immediately after sprigging. Brecke et al. (2010)
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evaluated Tifsport and Tifdwarf tolerance to oxadiazon (2.2 kg ha-1) applications one
week before sprigging, at sprigging, as well as 2 and 4 weeks after sprigging (WAS). At
5 WAS, treatments applied at sprigging resulted in >22% injury. By 8 weeks after
sprigging, injury with treatments applied at sprigging measured 19% compared to <9%
for all other timings.
Similar to MTIs, CBIs will result in stunted root growth and swelling (Sabba and
Vaughn, 1999). In turfgrass, Bingham (1967) evaluated effects of dichlobenil at 2.24,
4.46, and 8.96 kg ha-1 on the root development of Tifgreen bermudagrass grown in
greenhouse pots filled with soil and observed root inhibition as rates increased. Bingham
(1974) applied dichlobenil to transplanted sprigs ‘Tifgreen’ bermudagrass at 2.23, 4.46,
and 8.96 kg ha-1 and reported reduced root growth as rates increased. McCarty et al.
(1995) reported that isoxaben at 1.1 kg ha-1 caused an increase in the number of unrooted
St. Augustinegrass stolons as well as a decrease in tensile strength compared to an
untreated check. Effects of indaziflam, a new CBI labeled for use in turfgrass, on
bermudagrass root growth have not yet been determined.
Plants root morphology after treatment with MTI and CBI herbicides is varied.
Heim et al. (1998) evaluated triazofenamide, a herbicide originally thought to be a MTI
rather than a CBI, on Arabidopsis. The diameter of root tips treated with triazofenamide
were double that of the untreated control. Moreover, treated plants had root hairs on the
epidermis, which is not characteristic of a plant treated with an MTI herbicide. Heim et
al. (1998) concluded that these morphological changes were indicative of cellulose
biosynthesis inhibition rather than mitotic inhibition. While differences in root
morphology following treatment with MTI and CBI herbicides has been reported, little is
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know regarding how these changes affect root function. Altered root morphology
following MTI and CBI herbicide application may affect bermudagrass plants ability to
extract nutrients from the soil solution resulting in the onset of foliar deficiency or
toxicity symptoms. However, limited data have been published on this topic.
	
  
	
  
CALCIUM (Ca)
Calcium is an essential plant nutrient that enters turfgrass plants through root
tissues (Carrow et al., 2001). Ca plays a vital role in cross-linking acidic pectin resides
within cell walls, as well as regulating the permeability of the cell’s plasma membrane
(Hepler, 2005). Inhibition of cellulose biosynthesis following a herbicide treatment could
affect Ca concentrations in treated tissues. A low Ca concentration in treated tissue could
result in plant cell walls becoming more pliable and easily ruptured, whereas high
concentrations should make cell walls even more rigid. Hepler (2005) suggested that a Ca
concentration of 0.1 to 1.0 µM is necessary to maintain cell wall integrity. In turfgrass,
Carrow et al. (2001) states that 0.50 to 1.25% is a sufficient Ca concentration in turfgrass
shoot tissue. Oertli (1963) stated that healthy Kentucky bluegrass plants will have a Ca
content of about 1% in shoot tissue, with deficiency symptoms occurring at ~0.10%. The
researcher also stated that Ca concentrations in healthy bermudagrass grown under the
same conditions would range from 2 to 3%. Miller (1999) reported that applications of
potassium could decrease Ca concentrations in bermudagrass leaf tissue.
Ca is removed from the soil solution by root tissue (Kirkby and Pilbeam ,1984). Ca
moves through the apoplastic pathway and is not usually remobilized from young to old
tissues, even under Ca-stress conditions (White 2000). Ca deficiencies result in
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compromised cell membrane structure resulting in a loss of solutes (Kirkby and Pilbeam,
1984). Ca deficiency symptoms first appear in meristematic tissues and are the result of
compromised translocation within the plant, not plant uptake (Kirkby and Pilbeam,
1984). In bermudagrass, Ca deficiency symptoms result in a loss of green color in
younger tissue, stunted stolon growth, and internodes becoming dark purple in color
(Oertli, 1963). Root growth will cease in as little as a few hours without sufficient Ca in
the soil solution (Kirkby and Pilbeam, 1984). This could be due to the fact that Ca
induced transcellular currents are required to polarize cells prior to cell division,
particularly in cells comprising root hairs (Taiz and Zeiger, 2010). Ca induced polarity is
required to begin the process of polysaccharide deposition required to form new cell
walls. Damage to root tissue following MTI and CBI herbicide applications may hamper
Ca extraction from the soil solution leading to reduced root growth and subsequent foliar
deficiency. However, data describing the effects of PRE herbicide applications on
bermudagrass nutrient concentrations have not been collected.
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CHAPTER 2
SOIL TYPE AND ROOTING DEPTH AFFECT HYBRID BERMUDAGRASS
(CYNODON DACTYLON L.) INJURY WITH PREEMERGENCE HERBICIDES
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ABSTRACT
Applications of preemergence (PRE) herbicides can injure hybrid bermudagrass
[C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey] turf. Research was conducted to
determine the effects of soil type and rooting depth on hybrid bermudagrass injury with
two PRE herbicides. Washed ‘Tifway’ hybrid bermudagrass sod was established in minirhizotrons.	
  Treatments included the factorial combination of two soils (sand, silt loam),
five herbicide treatments (indaziflam at 35, 52.5, and 70 g ha-1; oxadiazon at 3360 g ha-1;
prodiamine at 840 g ha-1), and three rooting depths (5, 10, and 15 cm). In a sand rootzone
with no organic matter, significant hybrid bermudagrass injury (25 to 48%) was observed
with indaziflam. Few differences were detected between the three rates of indaziflam
evaluated; however, all induced greater injury than prodiamine (≤ 7%). Injury and
reductions in root length density were greatest when rooting depth measured ≤ 15 cm.
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Root length density reductions with indaziflam were greater than or equal to prodiamine
regardless of rooting depth. However, both herbicides resulted in substantial reductions in
root length density in the sand rootzone (>40%). Differential effects on hybrid
bermudagrass root function may in part explain the variability in injury observed in this
research. However, additional research is needed to explore the effects of indaziflam and
prodiamine on hybrid bermudagrass root function in further detail.
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INTRODUCTION
More golf courses are established with bermudagrass than any other turfgrass
species (Lyman et al., 2007). Hybrid bermudagrasses are interspecific hybrid crosses of
common bermudagrass [Cynodon dactylon (L) Pers.] and African bermudagrass
(Cynodon transavaalensis Burtt-Davey) which provide high turfgrass quality at low
mowing heights (Li and Qu 2004; McCarty and Miller 2002). Additionally, hybrid
bermudagrasses tolerate and quickly recover from foot traffic (Thoms et al., 2011).
Annual grassy weed infestations in hybrid bermudagrass are often controlled with
PRE herbicide applications (Brosnan et al., 2011; Johnson, 1997; Yelverton and
McCarty, 2001). Herbicides such as prodiamine, pendimethalin, and dithiopyr control
weeds by inhibiting mitosis in susceptible species (Senseman, 2007). Despite efficacy for
PRE weed control, applications of mitotic inhibiting herbicides can reduce bermudagrass
root growth. Bhowmik and Bingham (1990) reported that prodiamine at rates of 0.3 to
2.2 kg ha-1 exhibited significantly less root mass in bermudagrass than an untreated
control. Similar bermudagrass responses were observed with pendimethalin at 0.8 to 6.7
kg ha-1 as well. Fishel and Coats (1994) reported that dithiopyr (0.56 and 1.1 kg ha-1) and
prodiamine at 1.1 kg ha-1 reduced the total number of roots growing from bermudagrass
sod but noted that reductions in root weight were less pronounced due to increases in the
number of abnormal (i.e., less than 2.5 cm in length, lack of secondary root formation,
root swelling) roots observed after application. Oxadiazon, an inhibitor of
protoporphyrinogen IX oxidase, did not reduce reduced the total number of bermudagrass
roots or root weight at 1.7 and 3.4 kg ha-1 (Fishel and Coats, 1994). In a separate study,
Fishel and Coats (1993) reported substantial reductions in root weight at a 0 to 2.5 cm
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depth with prodiamine and dithiopyr to ‘Tifgreen’ bermudagrass grown on sandy clay
loam or very fine sandy loam soils.
Indaziflam is a cellulose biosynthesis inhibiting herbicide with efficacy for PRE
control of annual grassy weeds such as smooth crabgrass (Digitaria ischaemum Schreb.)
and annual bluegrass (Poa annua L.). Brosnan et al. (2011) reported that indaziflam at 35
to 70 g ha-1 provided PRE control of smooth crabgrass similar to prodiamine. Similarly,
Brosnan et al. (2012) reported that PRE applications indaziflam at rates of 30 to 60 g ha-1
provided 93 to 100% annual bluegrass (Poa annua) control. Perry et al. (2011) reported
similar annual bluegrass with indaziflam and noted effective lawn burweed (Soliva
pterosperma) control as well. In greenhouse trials, Brosnan and Breeden (2012)
concluded root absorption is required for weed control with indaziflam as soil-only and
soil + foliar applications provided greater control of smooth crabgrass and annual
bluegrass than treatments made only to foliage. However, data describing the effects of
indaziflam on bermudagrass root growth are limited.
Effects of mitotic inhibiting herbicide applications on bermudagrass root growth
and morphology are well documented (Bhowmik and Bingham, 1990; Fishel and Coats,
1993, 1994). Considering that mitotic and cellulose biosynthesis inhibiting herbicides
have differential effects on root morphology (Heim et al., 1998), research comparing
effects of indaziflam to those elicited with mitotic inhibiting herbicides such as
prodiamine is warranted. Thus, the objectives of this study were to compare the effects of
indaziflam and prodiamine applications to hybrid bermudagrass established in different
soils.
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MATERIALS AND METHODS
Research was conducted in 2011 in a glasshouse at the University of Tennessee
(Knoxville, TN). ‘Tifway’ hybrid bermudagrass was established from washed sod in
mini-rhizotrons using methods similar to Brosnan et al. (2010). Clear polyethylene tubes
(3 mm thickness, 5.1-cm outside diameter, 30 cm length) were constructed with a heat
sealer; small holes were made in the heat-sealed end of each tube to allow for drainage.
Tubes were filled with either rounded silica sand (US Silica, Berkeley Springs, WV) that
conformed to United States Golf Association (USGA) particle size specifications (United
States Golf Association, 2007) or a Sequatchie silt loam soil (fine-loamy, siliceous,
semiactive, thermic humic Hapludult) packed to a density of 1.6 Mg m-3. The silica sand
contained ~0% organic matter and measured 6.3 in pH. The silt loam soil contained 1.4%
organic matter and measured 6.1 in pH. A polyvinyl chloride (PVC) pipe was cut to 30
cm and a bolt was positioned in one end to support each polyethylene tube. The PVC
pipe formed a sleeve around the sand- or soil-filled tube after insertion. Tubes were
placed in a frame at a 30-degree angle from horizontal to promote gravitropic growth of
roots along the polyethylene liner.
Day and evening air temperatures in the greenhouse after sodding averaged 32
and 19 C. Plant nutrients were supplied weekly at a rate of 49 kg N ha-1 with a complete
fertilizer (Howard Johnson’s Enterprises, Inc, Milwaukee, WI) and plants were mowed
daily at a height of 3.8 cm with electric hair clippers. An overhead irrigation system was
used to promote active hybrid bermudagrass growth by applying ~ 6 mm of irrigation
daily.
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Plants established in each soil were treated with different herbicides once root
growth reached depths of 5, 10, and 15 cm. Herbicide treatments included indaziflam
(Specticle 20 WP, Bayer Environmental Sciences, Research Triangle Park, NC) at 35,
52.5 and 70 g ha-1, prodiamine (Barricade 65 WG, Syngenta Crop Protection,
Greensboro, NC) at 840 g ha-1, and oxadiazon (Ronstar WP, Bayer Environmental
Sciences, Research Triangle Park, NC) at 3360 g ha-1. The 840 g ha-1 rate of prodiamine
is labeled for control of winter annual species in fall while providing some residual
control of summer annual species the following spring; a use pattern similar to indaziflam
(Anonymous, 2010; Perry et al., 2011). Oxadiazon was included as it is an inhibitor of
protoporphyrinogen IX oxidase that is minimally absorbed by turfgrass root tissue
(Senseman, 2007). An untreated control was also included for comparison. Treatments
were applied with a CO2-powered boom sprayer calibrated to deliver 281 L ha utilizing
flat-fan nozzles (8002VS; Spraying Systems Co., Roswell, GA) at 124 kPa. Treatments
were watered in to a 6 mm depth after application.
Visual hybrid bermudagrass injury was assessed weekly using a 0 (no injury) to
100 (plant death) visual scale. Hybrid bermudagrass cover and color were also quantified
using a light box custom-constructed for digital image analysis (DIA) in a greenhouse
similar to Karcher and Richardson (2003) and Richardson et al. (2001). At six weeks
after treatment, roots were washed free of media and excised as close to the crown as
possible. WinRhizo software (Regent Instruments, Quebec, Canada) was used to
characterize root length density according to methods of Brosnan et al. (2010). Root
length density means for each treatment were expressed as a percent reduction compared
with the untreated control.
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The experimental design was a randomized complete block in a 2 x 3 x 5 factorial
arrangement with four replications. Factors included two soils, three rooting depths, and
five herbicide treatments. The experiment was repeated in time during summer 2011. All
data were subjected to ANOVA in SAS (SAS Institute Inc., Cary, NC) using the
appropriate expected mean square values described by McIntosh (1983). Fisher’s
protected least significant difference (LSD) values are reported for mean comparisons at
the (p ≤ 0.05) level. Pearson’s correlation was also used to determine associations
between visual assessments of hybrid bermudagrass injury and measurements of hybrid
bermudagrass cover and color using DIA.

RESULTS AND DISCUSSION
Significant treatment-by-experimental run differences were detected in hybrid
bermudagrass injury and root length density data. Thus, data from each experimental run
were analyzed and are presented individually.

Hybrid Bermudagrass Injury. A significant soil-by-rooting depth interaction was also
detected in hybrid bermudagrass injury data (Table 1). In sand, herbicide applications to
plants at a 5 cm rooting depth resulted in greater hybrid bermudagrass injury than those
rooted to 10 and 15 cm depths. This response was observed on five of six evaluation
dates across both experimental runs. In silt loam, minimal differences were detected
between the 5, 10, and 15 cm rooting depths. Injury ranged from 0 to 3% and 1 to 10% in
the first and second experimental runs, respectively.

38	
  
	
  
	
  

A significant soil-by-herbicide interaction was detected in hybrid bermudagrass
injury data (Table 2). In the first experimental run, indaziflam induced significant hybrid
bermudagrass injury when applied to plants established in a sand rootzone. Injury ranged
from 23 to 43% from 3 to 6 WAT. Similar responses were observed in the second
experimental as injury ranged from 19 to 26% at 3 WAT and 47 to 48% by 6 WAT. Few
statistically significant differences in hybrid bermudagrass injury were detected between
the 35, 52.5, and 70 g ha-1 rates of indaziflam at any time. When applied to plants
established silt loam, indaziflam resulted in minimal hybrid bermudagrass injury in either
experimental run (Table 2). Injury ranged from 0 to 9% and 0 to 18% during the first and
second experimental runs, respectively. No significant differences were detected between
the 35, 52.5, and 70 g ha-1 rates of indaziflam at any time. These responses suggest that
soil type may affect hybrid bermudagrass tolerance to indaziflam applications for weed
control.
Comparatively, prodiamine exhibited little to no injury in either soil type (Table
2). Applications at 840 g ha-1 to hybrid bermudagrass established in sand resulted in 1 to
3% and 0 to 7% injury in the first and second experimental runs, respectively. No injury
was detected with prodiamine applications to hybrid bermudagrass established in silt
loam in either experimental run. These responses support current prodiamine labeling for
use on hybrid bermudagrass turf (Anonymous, 2010).
Oxadiazon can only be applied to hybrid bermudagrass during periods of
dormancy (Anonymous, 2012). In the current study, oxadiazon applications to actively
growing hybrid bermudagrass established in sand resulted in >20% injury 1 WAT in both
experimental runs (Table 2). In silt loam, injury ranged from 5 to 19% 1 WAT in both
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experimental runs as well. Hybrid bermudagrass plants recovered following oxadiazon
treatment as injury reduced from 3 to 6 WAT in both experimental runs regardless of soil
type. Brecke et al. (2010) reported similar responses with oxadiazon applications to
newly established stands of hybrid bermudagrass.
Significant (p < 0.0001) correlations were detected between visual assessments of
hybrid bermudagrass injury and turfgrass cover and color quantified using digital image
analysis (Table 3). Visual hybrid bermudagrass injury data were more closely correlated
to assessments of turfgrass cover on all dates; additionally, the greatest degree of
association was observed in data collected 3 WAT regardless of parameter.

Root Length Density. A significant soil-by-rooting depth interaction was detected in
root length density data in the first experimental run (Table 4). Applications to plants
established in a sand rootzone at 5 and 10 cm resulted in greater reductions in root length
density (~82%) than treatments applied to plants with 15 cm roots at the time of herbicide
application (55%). When applied to plants established in silt loam, reductions in root
length density ranged from 38 to 46% regardless of rooting depth at the time of
application (Table 4).
Significant herbicide-by-rooting depth interactions were detected in root length
density data during the first experimental run (Table 5). Indaziflam reduced root length
density 72 to 77% when applied to hybrid bermudagrass rooted to a depth of 5 cm. When
applied to plants rooted to 10 and 15 cm depths, root length density reductions with
indaziflam ranged from 58 to 67% and 50 to 68%, respectively. Reductions in root length
density with prodiamine and oxadiazon at the three rooting depths were similar.
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Soil-by-herbicide interactions were detected in root length density data in the first
experimental run (Table 6). Reductions in root length density following indaziflam
applications to hybrid bermudagrass established in sand ranged from 77 to 89% of the
untreated control. When applied to plants established in silt loam soil, these treatments
only reduced root length density 43 to 50%. Prodiamine applications to plants established
in sand reduced root length density 68%, significantly less than two of three indaziflam
rates evaluated in sand during the first experimental run. In silt loam, reductions in root
length density with prodiamine were considerably lower than those observed in sand as
root length density was only reduced 17%. In sand, oxadiazon reduced root length
density less than indaziflam or prodiamine; however, this response was not observed in
silt loam during the first experimental run.
While no soil-by-rooting depth interactions were detected in the second
experimental run, herbicide applications to plants established in sand reduced root length
density 77% compared to only 10% for plants established in silt loam (Table 7).
Moreover, applications to plants with 5 and 10 cm roots at application reduced root
length density 52 to 62% compared to only 16% for plants with 15 cm roots at
application. Reductions in root length density due to herbicide treatment were consistent
across soil types and rooting depth in the second experimental run as well (Table 8). Few
significant differences were detected among the three rates of indaziflam as root length
density was reduced 40 to 55%. Reductions in root length density with indaziflam were
not statistically different from prodiamine, but greater than oxadiazon (28%).
Indazaflam is used for control of annual grassy weeds in turf (Brosnan et al.,
2011, 2012). Data in the current study illustrate bermudagrass injury from indaziflam
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applications will be influenced by soil type and rooting depth. In a sand rootzone with no
organic matter, significant hybrid bermudagrass injury (25 to 48%) was observed with
indaziflam. Few significant differences were detected between the three rates of
indaziflam evaluated; however, all induced greater injury than prodiamine at 840 g ha-1.
Injury was also greater on plants treated when rooting depth measured 5 cm compared to
those treated at 10 and 15 cm.
The level of injury observed in our study may have been exacerbated by the fact
that no organic matter was present in the sand rootzone. Sand-based rootzones in the field
will have organic matter present throughout the profile that could reduce potential
indaziflam injury. In the current study, injury following indaziflam applications to hybrid
bermudagrass in a silt loam with 1.4% organic matter was 23 to 43% lower than that
observed on a sand with no organic matter present. Additional research should explore
the effects of organic matter content on indaziflam injury to hybrid bermudagrass.
Reductions in root length density may not completely explain differences in hybrid
bermudagrass injury observed with indaziflam and prodiamine in a sand rootzone. While
reductions in root length density with the three rates of indaziflam evaluated were greater
than or equal to prodiamine regardless of rooting depth (Table 5, Table 8), both
herbicides resulted in substantial reductions in rooting. For example, both indaziflam and
prodiamine reduced root length density more than 68% in the first experimental run
(Table 5). Similar responses were observed in the second experimental run. Fishel and
Coats (1994) treated plugs of bermudagrass sod with prodiamine and dithiopyr and
reported no significant differences in the total number of roots extending from each plug
4 WAT. However, the researchers also noticed that prodiamine resulted in a greater
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number of abnormal (i.e., length < 2.5 cm, lack of secondary root formation, and root
swelling) roots during the second year of a 2-year experiment compared to dithiopyr.
While both indaziflam and prodiamine resulted in substantial reductions in root length
density in the current study, differential effects on hybrid bermudagrass root function
may in part explain the variability in injury observed in this research. Heim et al. (1998)
illustrated that cellulose biosynthesis inhibitors (e.g., indaziflam) affect roots differently
than mitotic inhibitors (e.g., prodiamine). The researchers noted that root elongation
ceased following treatment with cellulose biosynthesis inhibitors while applications of
mitotic inhibitors disordered the root epidermis near the root tip causing noticeable
swelling. Future research should evaluate hybrid bermudagrass root function as affected
by indaziflam and prodiamine to determine the mechanism(s) associated with injury after
application.

43	
  
	
  
	
  

LITERATURE CITED
Anonymous, 2010. Barricade 65 WG Product Label. Syngenta Crop Protection:
Greensboro, NC
Anonymous, 2012. Ronstar 50 WSP Product Label. Bayer Environmental Sciences:
Research Triangle Park, NC.
Bhowmik, P. C..and S. W. Bingham. 1990. Preemergence activity of dinitroaniline
herbicides used for weed control in cool-season turfgrasses. Weed Technol.
4:387-393.
Brecke, B. J., D. O. Stephenson, and J. B. Unruh. 2010. Timing of oxadiazon and
quinclorac application on newly sprigged turfgrass species. Weed Technol. 24:2832.
Brosnan, J. T., B. J. Horvath, M. T. Elmore, G. K. Breeden, and J. C. Sorochan. 2010b.
Greenhouse investigation of strobilurin fungicide applications on creeping
bentgrass root characteristics under two irrigation regimes. Crop Sci. 50:26052612.
Brosnan, J. T., P. E. McCullough, and G. K. Breeden. 2011. Smooth crabgrass control
with indaziflam at various spring timings. Weed Technol. 25:363-366.
Brosnan, J. T., G. K. Breeden, P. E. McCullough, and G. M. Henry. 2012. Pre- and
postemergence annual bluegrass control with indaziflam. Weed Technol. 26:4853.
Brosnan, J. T. and G. K. Breeden. 2012. Application placement affects postemergence
smooth crabgrass and annual bluegrass control with indaziflam. Weed Technol
(under review; submitted 1 March 2012).
44	
  
	
  
	
  

Fishel, F. M. and G. E. Coats. 1993. Effects of commonly used turfgrass herbicides on
bermudagrass (Cynodon dactylon) root growth. Weed Sci. 41: 641-647.
Fishel, F. M. and G. E. Coats. 1994. Bermudagrass (Cynodon dactylon) sod rooting as
influenced by preemergence herbicides. Weed Technol. 8:46-49.
Heim, D. R., I. M. Larrinua, M.G. Murdoch, and J. L. Roberts. 1998. Triazofenamide is a
cellulose biosynthesis inhibitor. Pestic. Biochem. Physiol. 59:163-168.
Johnson, B. J. 1997. Reduced herbicide rates for large crabgrass (Digitaria sanguinalis)
and goosegrass (Eleusine indica) control in bermudagrass (Cynodon dactylon).
Weed Sci. 45:283-287.
Karcher, D.E., and M.D. Richardson. 2003. Quantifying turfgrass color using digital
image analysis. Crop Sci. 43:943-951.
Li, L. and R. Qu. 2004. Development of highly regenerable callus lines and biolistic
transformation of turf-type common bermudagrass [Cynodon dactylon (L.) Pers.].
Plant Cell Rep. 22:403-407.
Lyman, G. T., Throssell, C. S., Johnson, M. E., Stacey, G. A., and Brown, C. D. 2007.
Golf course profile describes turfgrass, landscape and environmental stewardship
features. Applied Turfgrass Science doi:10.1094/ATS-2007-1107-01-RS.
McCarty, L. B., and G. L. Miller. 2002. Managing Bermudagrass Turf: Selection,
Construction, Cultural Practices, and Pest Management Strategies. Chelsea, MI:
Ann Arbor Press. p: 3.
McIntosh, M.S. 1983. Analysis of combined experiments. Agron. J. 75:153-155.

45	
  
	
  
	
  

Perry, D. H., J. S. McElroy, M. C. Doroh, and R. H. Walker. 2011. Indaziflam utilization
for controlling problematic turfgrass weeds [online behind pay wall]. Appl.
Turfgrass Sci. 1–7. doi:10.1094/ATS-2011-0428-01-RS.
Richardson, M.D., D.E. Karcher and L.C. Purcell. 2001. Quantifying turfgrass cover
using digital image analysis. Crop Sci. 41:1884-1888.
Senseman, S.A. 2007. Herbicide Handbook. Lawrence, KS: Weed Science Society Of
America. pp: 212-213,265-266, 283-284
Thoms, Adam W., J. C. Sorochan, J. T. Brosnan, and T. J. Samples. 2011. Perennial
ryegrass (Lolium perenne L.) and grooming affect bermudagrass traffic tolerance.
Crop Sci. 51:2204-2211.
Yelverton, F. H., and L. B. McCarty. 2001. Tolerance of Perennial Ryegrass and Poa
annua Control with Herbicides in Overseeded Bermudagrass. International
Turfgrass Society Reasearch Journal 9:1050-1055

46	
  
	
  
	
  

APPENDIX
TABLES AND GRAPHS
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Table 2.1. Soil-by-rooting depth interactions on ‘Tifway’ hybrid bermudagrass [C.
dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] injury during two
glasshouse experiments conducted in Knoxville, TN during 2011 when averaged across
all herbicide treatments.

Hybrid bermudagrass injury
Experiment #1

Soil

Rooting

1

3

6

1

3

6

depth

WAT†

WAT

WAT

WAT

WAT

WAT

___

Sand‡

Silt loam§

LSD0.05

cm___

______________________________

%___________________________

5

7

32

27

10

28

40

10

3

16

10

4

10

27

15

6

20

10

5

19

26

5

1

2

0

7

7

12

10

1

4

0

1

5

3

15

0

4

0

3

2

4

3

9

7

3

8

12

†

WAT = weeks after treatment

‡

Silica sand contained ~0% organic matter and measured 6.3 in pH

§

Sequatchie silt loam soil contained 1.4% organic matter and measured 6.1 in pH.
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Experiment #2

Table 2.2. Soil-by-herbicide interactions on ‘Tifway’ hybrid bermudagrass [C. dactylon
(L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] injury during two glasshouse
experiments conducted in Knoxville, TN during 2011 when averaged cross three rooting
depths.

Hybrid bermudagrass injury
Experiment #1
Soil

Herbicide

Rate
__

Sand‡

Silt loam§

indaziflam

g ha-1__

1 WAT†

3 WAT

Experiment #2

6 WAT

__________________________________________

1 WAT

3 WAT

%______________________________________

35

0

28

25

5

19

47

52.5

3

32

23

3

26

48

70

5

42

43

8

23

47

oxadiazon

3360

21

28

3

23

45

37

prodiamine

840

1

3

1

0

0

7

indaziflam

35

0

0

0

1

1

7

52.5

0

9

0

0

1

6

70

0

0

0

1

5

18

oxadiazon

3360

5

9

0

19

21

7

prodiamine

840

0

0

0

0

0

0

3

13

10

5

12

16

LSD0.05
†

WAT = weeks after treatment.

‡

Silica sand contained ~0% organic matter and measured 6.3 in pH

§

Sequatchie silt loam soil contained 1.4% organic matter and measured 6.1 in pH.
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6 WAT

Table 2.3. Pearson’s correlation coefficients (N = 288) between visual assessments of
hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv.
‘Tifway’] injury and turfgrass cover and color using digital image analysis (DIA) during
two glasshouse experiments conducted in Knoxville, TN during 2011.

Hybrid bermudagrass injury
DIA†

1 WAT

3 WAT

6 WAT

Turfgrass cover

-0.31***

-0.66***

-0.59***

Turfgrass color

-0.04NS

0.54***

0.40***

†

DIA = digital image analysis; WAT = weeks after treatment.

***

significant at the p < 0.0001 level.

NS

Not significant at the p ≤ 0.05 level.

50	
  
	
  
	
  

Table 2.4. Soil-by-rooting depth interactions on ‘Tifway’ hybrid bermudagrass [C.
dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] root length density
during the first run of a glasshouse experiment conducted in Knoxville, TN during 2011
when averaged across all herbicide treatments.

Rooting
Soil

depth
___

Sand

†

Silt loam

‡

cm__

_____

% reduction____

5

82

10

81

15

55

5

46

10

38

15

46

LSD0.05

8

†

Silica sand contained ~0% organic matter and measured 6.3 in pH

‡

Sequatchie silt loam soil contained 1.4% organic matter and measured 6.1 in pH.

51	
  
	
  
	
  

Root length density

Table 2.5. Rooting depth-by-herbicide interactions on ‘Tifway’ hybrid bermudagrass [C.
dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] root length density
during the first run of a glasshouse experiment conducted in Knoxville, TN during 2011.

Rooting depth
__

Herbicide

cm__
5

10

15

__

indaziflam

Root length density

g ha-1_

______

% reduction___

35

74

52.5

72

70

77

oxadiazon

3360

58

prodiamine

840

43

indaziflam

35

58

52.5

67

70

65

oxadiazon

3360

59

prodiamine

840

49

indaziflam

35

68

52.5

52

70

50

oxadiazon

3360

46

prodiamine

840

35

LSD0.05

13
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Rate

Table 2.6. Soil-by-herbicide interactions on ‘Tifway’ hybrid bermudagrass [C. dactylon
(L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] root length density during the
first run of a glasshouse experiment conducted in Knoxville, TN during 2011.

Soil

Herbicide

Rate
__

Sand

†

Silt loam

indaziflam

‡

Root length density

g ha-1_

______

35

89

52.5

77

70

84

oxadiazon

3360

47

prodiamine

840

68

indaziflam

35

44

52.5

50

70

43

oxadiazon

3360

63

prodiamine

840

17

LSD0.05

11

†

Silica sand contained ~0% organic matter and measured 6.3 in pH

‡

Sequatchie silt loam soil contained 1.4% organic matter and measured 6.1 in pH
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% reduction____

Table 2.7. Effect of soil type and rooting depth on ‘Tifway’ hybrid bermudagrass [C.
dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] root length density
during the second run of a glasshouse experiment conducted in Knoxville, TN during
2011. Data are combined across three rooting depths and six herbicide treatments.

Factor

Root length density
___

Soil type
Sand

†

Silt loam

% reduction____

77
10

‡

LSD0.05

9

Rooting depth
5 cm

62

10 cm

52

15 cm

14

LSD0.05

11

†

Silica sand contained ~0% organic matter and measured 6.3 in pH

‡

Sequatchie silt loam soil contained 1.4% organic matter and measured 6.1 in pH
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Table 2.8. Effect of herbicide treatment on ‘Tifway’ hybrid bermudagrass [C. dactylon
(L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] root length density during the
second run of a glasshouse experiment conducted in Knoxville, TN during 2011. Data are
combined across two soils and three rooting depths.

Herbicide
__

indaziflam

Rate

Root length density

g ha-1_

______

35

51

52.5

40

70

55

oxadiazon

3360

28

prodiamine

840

41

LSD0.05

14
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% reduction____

CHAPTER 3
PREEMERGENCE HERBICIDES AFFECT HYBRID BERMUDAGRASS
NUTRIENT CONTENT
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This chapter is based on a paper published by Patrick Jones, James Brosnan, Dean
Kopsell, Greg Armel and Greg Breeden:

Jones, P.A., J.T. Brosnan, D.A. Kopsell, G.R. Armel, and G.K. Breeden. 2013.
Preemergence herbicides affect hybrid bermudagrass nutrient content. Journal of Plant
Nutrition (accepted 18 January 2013, in print).

My contributions to this paper include (i) conducting the experiments, (ii) collecting,
processing and collaborating on data analysis and interpretation, (iii) reading literature,
(iv) and collaborating on the manuscript.

ABSTRACT
Preemergence (PRE) herbicides that negatively impacting turfgrass root growth may
compromise macro- and micronutrient accumulation in foliar tissue. Research was
conducted to determine the effects of indaziflam (35 and 52.5 g ha-1), prodiamine (0.84
kg ha-1), oxadiazon (3.36 kg ha-1), and isoxaben (1.12 kg ha-1) applications in hydroponic
culture on hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey]
tissue nutrient content. Prodiamine, indaziflam, and isoxaben reduced visual root mass
relative to non-treated plants. Consequently, these herbicides reduced P, S, and K content
in turf foliar tissue. Treatment with indaziflam reduced Mg and Mn content in the turf
foliar tissue compared to non-treated plants. This response was not observed with
prodiamine and could explain the significant foliar injury (>70%) observed with both
rates of indaziflam. Data in the current study illustrate that preemergence herbicide
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applications affected hybrid bermudagrass nutrient content. Future studies should
evaluate foliar applications of Mg and Mn for either preventing or remediating leaf tissue
injury following PRE herbicide application.
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INTRODUCTION
Annual grassy weeds such as crabgrass (Digitaria spp.) and goosegrass (Eleusine
indica L.) are often controlled with PRE herbicides (Johnson, 1997). Prodiamine is a PRE
herbicide that acts as a mitotic inhibitor (MTI) disrupting the production of the
microtubule protein tubulin in susceptible species (Senseman, 2007; Tresch et al., 2005).
Indaziflam and isoxaben are also used for PRE weed control and are classified as
cellulose biosynthesis inhibitors (CBI) (Brosnan et al., 2011, 2012; Senseman, 2007).
These CBI herbicides affect different sites within the cellulose biosynthetic pathway.
Sabba and Vaughn (199) surmised that the CBI herbicide dichlobenil prevents UDPglucose pools from producing the cellulose required to stiffen and fuse the cell plate with
the parent cell wall during mitosis. Isoxaben causes cell plates to become deficient in
both callose and cellulose (Durso and Vaughn 1997). Sabba and Vaughn (1999)
proposed that isoxaben disrupts the biosynthetic pathway upstream of dichlobenil,
potentially inhibiting the synthesis of UDP-glucose from sucrose. Data describing the
indaziflam site of action in the cellulose biosynthesis pathway have been reported in
limited quantity. Brabham and Debolt (2013) recently evaluated isoxaben resistant
Arabidopsis mutants to indaziflam applications and found that the plants did not display
resistance to indaziflam, suggesting an alternate cite of action.
Applications of MTI and CBI herbicides can inhibit bermudagrass root growth. Fishel
and Coats (1993) reported reductions in root weight as well as abnormal root morphology
(i.e., roots less than 2.5 cm in length, lack of secondary root formation, and root swelling)
following treatment with prodiamine at 1.1 kg ha-1 and dithiopyr at 0.8 kg ha-1. This
response has been confirmed by other researchers evaluating MTI herbicide effects on
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various turfgrass species (Bhowmik and Bingham, 1990; Fishel and Coats, 1994; Ferrell
et al., 2003). Jones et al. (2012) reported that indaziflam reduced hybrid bermudagrass
root length density from 77 to 89% in a sand rootzone and 43 to 50% in a silt loam soil.
Brosnan and Breeden (2012) concluded root absorption is required for weed control with
indaziflam as soil-only and soil plus foliar applications provided greater control of
smooth crabgrass (Digitaria ischaemum Schreb.) and annual bluegrass (Poa annua L.)
than treatments made only to foliage.
Foliar injury following MTI and CBI herbicide application has also been reported.
McCullough et al. (2006) observed that dithiopyr discolored ‘TifEagle’ bermudagrass 14
to 45% when applied at 0.56 kg ha-1. McCarty et al. (1995) reported that dithiopyr (a
pyridine MTI), oxadiazon, and pendimethalin injured St. Augustinegrass [Stenotaphrum
secondatum (Walt.) Kuntz.] at 2 weeks after treatment. Jones et al. (2012) treated hybrid
bermudagrass established in mini-rhizotrons containing either sand or silt loam soil with
various preemergence herbicides. The researchers observed significant injury (23 to 48%
at 6 WAT) with indaziflam applications to plants established in sand. Indaziflam
applications to hybrid bermudagrass established in silt loam only ranged from 6 to 18% at
6 WAT. Few significant differences in injury were detected between the 35 to 70 g ha-1
rates of indaziflam in sand or silt loam. Comparatively, foliar injury with prodiamine
applied at 840 g ha-1 only ranged from 0 to 7%, regardless of soil type.
Heim et al. (1998) reported differential effects on root morphology following
applications of MTI and CBI herbicides to Arabidopsis. The researchers observed that
MTIs caused malformation of the root epidermis near the tip, giving the appearance of a
mass of bubbles. Heim et al. (1998) explained that root epidermis integrity is maintained
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following CBI herbicide treatment; however, CBI treated plants had long, swollen root
hairs with a goblet shape. Moreover, MTI treated plants had no lateral roots while those
treated with CBI herbicide had normal lateral root development. Considering that nearly
all macro- and micronutrients are absorbed in the root rhizosphere (Bowling, 1976),
differential effects on root morphology may impact nutrient content and potentially
explain the foliar injury symptoms reported in the literature following PRE herbicide
treatment. However, data describing the effects of PRE herbicide applications on hybrid
bermudagrass nutrient content are limited. Thus, the objective of this study was to
determine the effects of several PRE herbicides on hybrid bermudagrass nutrient content.

MATERIALS AND METHODS
Research was conducted in 2012 and repeated in both space and time in a greenhouse
at the University of Tennessee (Knoxville, TN; 35° 57' N Lat.). During the first
experimental run, day/night temperatures in the greenhouse were set to 22/18 °C. During
the second experimental run, day/night temperatures in the greenhouse were set to 26/22
°C. Average daily solar radiation during the first and second experimental runs ranged
from 4.4 to 611.9 W m-2 and 4.0 to 902.2 W m-2, respectively.
During each experiment, polyethylene containers (Rubbermaid Roughneck,
Rubbermaid Commercial Products LLC, Winchester, VA) were filled with 10 L of a
nutrient solution containing: N (210 mg·L-1); K (235 mg·L-1); Ca (160 mg·L-1); P (31
mg·L-1); S (64 mg·L-1); Mg (49 mg·L-1); B (0.5 mg·L-1); Fe (1 mg·L-1); Mn (0.5 mg·L-1);
Zn (0.05 mg·L-1); Cu (0.02 mg·L-1); and Mo (0.01 mg·L-1) (Hoagland and Arnon, 1950).
Solutions were aerated with an air blower (Model VB-007S, Sweetwater, Ft. Collins, CO)
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connected to an air stone (HAGEN Elite 1" Cube Air Stone, Rolf C. Hagen Corp.,
Mansfield, MA) via Tygon tubing (Saint-Gobain Performance Plastics Akron, OH) in
each container (Kopsell et al., 2007). Deionized water was added as need in order to
maintain a 10 L volume in each container. Ten holes (1.3 cm diameter) were drilled into
the lid of each container, spaced 4 cm apart. Plugs of ‘Tifway’ hybrid bermudagrass sod
were washed free of soil and inserted into each hole. Thus, mean values for single
container were generated using 10 sub-samples. Plants were allowed to acclimate to the
greenhouse environment for 3 weeks before applying herbicide treatments.	
  
Herbicide treatments included: indaziflam (35 and 52.5 g ha-1); prodiamine (0.84 kg
ha-1); oxadiazon (3.36 kg ha-1); and isoxaben (1.12 kg ha-1). All of these herbicides are
currently labeled for use on mature hybrid bermudagrass turf (Brosnan and Breeden,
2011). Oxadiazon was included for comparison as it is an inhibitor of
protoporphyrinogen IX oxidase (PPO) that does not affect turfgrass root growth or
morphology (Fishel and Coats, 1994). A non-treated control was also included in the
study. Treatments were applied by diluting each rate of herbicide in distilled water and
applying 10 ml of stock solution into treatment containers with a syringe. Treatments
were arranged in a randomized complete block design with five replications and the
experiment was repeated in time.	
  
Visual foliar injury to newly emerging shoot tissue was assessed weekly after
application using a 0 (i.e., no injury) to 100 percent (i.e., necrotic, dead tissue) scale.
Root color and visual root mass were evaluated weekly to provide a non-destructive
assessment of root health following herbicide treatment. Root color was evaluated using a
1 (i.e., black) to 5 (i.e., white) scale; visual root mass was evaluated similarly on a 1 (i.e.,
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sparse roots with a few hairs, no branching or evidence of new growth) to 5 (i.e.,
abundant roots with branching and new growth) scale. Assessment of root morphology is
commonly required in destructive sampling (Baldwin et al., 2009; Beasley and Branham,
2007; Brosnan et al., 2010). Root mass and root quality were visually evaluated in this
study in order to provide a non-destructive measurement of changes in root morphology
after herbicide application.
Data were collected 3 weeks after treatment (WAT). All foliar biomass was harvested
from each container. After fresh weights (FW) were recorded, all foliar biomass was
dried for 4 d at 65 °C and weighed for dry weight (DW) biomass. Samples were analyzed
for N, K, Ca, P, S, Mg, B, Fe, Mn, Zn, Cu, Na, and Al content according to the methods
of Gavlak et al. (2003). Values were expressed as content (g of nutrient per total dry
foliar biomass) rather than on a concentration basis. Normalizing data on a content basis
accounted for potential variability in concentration data due to changes in foliar biomass
occurring after herbicide application, a phenomenon termed the Piper-Steenbjerg effect
(Wikstrom, 1994).
Data from each experimental run were subjected to ANOVA in SAS using the
appropriate expected mean square values described by McIntosh (1983). Fisher’s
protected least significant difference (LSD) values were calculated when the F-ratio was
significant at the 0.05 level.
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RESULTS AND DISCUSSION
Significant treatment-by-experimental run interactions were detected in hybrid
bermudagrass injury, visual root mass, visual root color, and foliar biomass data.
Therefore, data from each were analyzed and are presented individually.
Hybrid Bermudagrass Injury. Significant hybrid bermudagrass injury was detected in
both experimental runs with indaziflam (Table 1). Injury symptoms included curling of
new growth, reddening of leaf tissue, and eventual necrosis. Injury with both the 35 and
52.5 g ha-1 rates of indaziflam ranged from 23 to 72% and 17 to 78% during the first and
second experimental runs, respectively. No significant differences were detected between
the two rates of indaziflam tested. Isoxaben, a herbicide similar in mode of action to
indaziflam, also resulted in appreciable hybrid bermudagrass injury. By 3 WAT in each
experimental run, isoxaben treated plants were injured 31 to 49%. Similar to Jones et al.
(2012), minimal (≤ 7) injury was observed with prodiamine and oxadiazon in this study.

Visual Root Mass and Root Color. Hybrid bermudagrass visual root mass varied due to
herbicide treatment (Table 2). Indaziflam, isoxaben, and prodiamine reduced visual root
mass to a greater degree than oxadiazon. Few significant differences in visual root mass
were detected between indaziflam and prodiamine in either experimental run. Jones et al.
(2012) reported similar reductions in root length density following applications of
indaziflam and prodiamine to hybrid bermudagrass established in mini-rhizotrons
containing sand and silt loam soil.
Despite similar effects on visual root mass, indaziflam treated plants measured darker
in root color than those treated with prodiamine (Table 3). Moreover, development of
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clubbed root tips was greater for prodiamine than indaziflam (data not presented). These
responses suggest that indaziflam and prodiamine may impart different effects on hybrid
bermudagrass root physiology. Heim et al. (1998) noted that herbicidal inhibitors of
cellulose biosynthesis (e.g., indaziflam) and mitosis (e.g., prodiamine) affect root
morphology differently. However, the researchers did not surmise how these differences
in morphology could affect root physiological functions, such as nutrient accumulation.
Color is an indicator of overall root health (Picon-Cochard et al., 2011; Sillick and
Jacobi, 2009); differences in root color suggest that root health may be negatively
affected by indaziflam to a greater degree than prodiamine.

Turfgrass Foliar Dry Weight Biomass. Hybrid bermudagrass foliar DW biomass was
affected by herbicide treatment in our research (Table 4). In each experimental run, both
rates of indaziflam significantly reduced hybrid bermudagrass foliar DW biomass
compared to the non-treated control. For example, indaziflam treated plants yielded ~13
g of foliar DW biomass in the second experimental run compared to 30 g for the nontreated control. No differences were detected between the two rates of indaziflam
evaluated in either experimental run. Oxadiazon did not reduce foliar DW biomass in
either experimental run.
Responses with prodiamine and isoxaben were inconsistent across experimental runs
as each herbicide only resulted in a statistically significant reduction in foliar DW
biomass in a single experimental run. Differences in foliar DW biomass between
experimental runs could be attributed to environmental conditions in the greenhouse.
Day/night temperatures during the first experimental run were set to 22/18 °C. These air
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temperatures were below optimum ranges for bermudagrass shoot growth (29 to 38 °C)
outlined by McCarty and Miller (2002). During the second experimental run, day/night
temperatures in the greenhouse were increased to 26/22 °C. These conditions were more
conducive for hybrid bermudagrass growth; non-treated control plants yielded 30 g of
foliar DW biomass during the second experimental run compared to only 18 g during the
first. Increased growth would create a greater demand for macro- and micronutrients
potentially making the effects of PRE herbicide treatment more apparent. Foliar DW
biomass values ranged from 13 to 18 g during the first experimental run compared to 13
to 33 g in the second.

Macro- and Micronutrient Elemental Content. No significant experimental run-bytreatment interactions were detected in P, Mg, Ca, Na, B, Zn, Mn, Fe, and Al tissue
content; thus, data were combined across both experimental runs (Table 5). Experimental
run-by-treatment interactions resulted in N, S, K, and Cu tissue content from each run
being analyzed separately (Table 6).
Indaziflam, isoxaben, and prodiamine are PRE herbicides known to negatively affect
turfgrass root growth (Jones et al., 2012, McCarty et al., 1995). This effect was observed
in our research as well (Table 2 and 3). All of these root-inhibiting herbicides reduced P
content in hybrid bermudagrass foliage (Table 5). However, oxadiazon, a PPO with
minimal activity on turfgrass root growth, did not affect P content. While S content was
unaffected by herbicide treatment during the first experimental run, all three root
inhibiting herbicides (i.e., indaziflam, isoxaben, and prodiamine) reduced S content in the
second experimental run. Similar responses were observed in K content as well (Table
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6). Differences between experimental runs may have resulted from growing conditions
being more favorable for bermudagrass growth during the second experimental run. Nontreated plants produced 30 g of foliar biomass in the second experimental run compared
to only 13 g in the first experimental run (Table 4). Increased biomass production would
require a greater demand for nutrients; thus, rendering restricted nutrient uptake and/or
translocation due to herbicide treatment more apparent.
Indaziflam treatment resulted in significantly greater hybrid bermudagrass injury
when compared to prodiamine or isoxaben in both experimental runs of this study (Table
1). This response could potentially be related to divalent cation uptake from the
Hoagland‘s solution. The indaziflam treatment reduced Mg and Mn content in hybrid
bermudagrass foliage while neither prodiamine nor isoxaben were significantly different
from the non-treated control (Table 5). Both rates of indaziflam also significantly reduced
Zn content compared to the non-treated control; however, this response was observed
with prodiamine as well. Under conditions more conducive for hybrid bermudagrass
growth during the second experimental run, both rates of indaziflam reduced Cu and N
content. Moreover, the 35 g ha-1 rate of indaziflam also measured lower than the nontreated control in Ca and Na during both experimental runs.
Both Mg and Mn are involved in the light reactions of photosynthesis. Magnesium is
a central component of chlorophyll bonded to four N atoms in the porphyrin ring. Upon
absorbing photons, chlorophyll contributes an excited electron to photosystem II (PSII)
(Taiz and Zeiger, 2010). Levitt (1954) illustrated that the absorptions bands of both
chlorophyll a and b were closely related to the emission spectra of Mg. The researcher
later explained that Mg was the site of photochemical reaction in chlorophyll, as
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pheophytin (a compound free of Mg) would not contribute an excited electron to PSII
despite having the identical absorption spectra to oxidized chlorophyll. Manganese is a
catalyst in the Hill Reaction, which splits the water molecule evolving O2 as a product of
the light reactions (Cheniae and Martin, 1969). Several researchers have suggested that
this oxidization of water replaces electrons lost by the PSII reaction center after
excitation (Cheniae and Martin, 1970; Heath and Hind, 1969; Homan, 1968; Itoth et al.,
1969); however, there is debate about this theory (Gavalas and Clark, 1970).
Nevertheless, Cheniae and Martin (1970) reported that there are three Mn atoms
associated with each O2 evolving reaction center. Exposing Mn-deficient Anacystis cells
to 1.4 Mn g atoms per 50 mols, chlorophyll a increased O2 evolution to levels equivalent
with those documented in Mn-sufficient cells illustrating the importance of Mn for proper
photosynthetic activity (Cheniae and Martin, 1969). Moreover, Eyster et al. (1958)
reported increased photosynthetic activity in Chlorella when Mn concentrations were
increased from 5 x 10-5 to 5 x 10-3 mg L-1 Mn.
Although photosynthetic activity was not measured in the current study, data suggest
that indaziflam applications may prevent translocation of divalent cations such as Mg and
Mn to meristematic tissues; therefore inhibiting photosynthetic activity and foliar
biomass production. While both indaziflam and prodiamine negatively affected visual
root mass, prodiamine treated plants did not differ from the non-treated control in Mg or
Mn content. Minimal foliar injury was observed with prodiamine while indaziflam
applications induced substantial foliar injury characterized by curling of new growth,
reddening of leaf tissue, and eventual necrosis. These symptoms are characteristic of PSII
inhibiting herbicide applications to susceptible species (Long et al., 1994). Cheniae and
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Martin (1969) observed that the PSII inhibiting herbicide diuron reduced Mn binding in
O2 evolving complexes by 50 to 75%. Indaziflam applications may reduce Mg and Mn
content to levels that compromise PSII activity; however, further research is needed to
confirm this hypothesis. Additional studies should also evaluate the efficacy of Mg and
Mn applications for either preventing or remediating foliar injury symptoms observed
after application.

CONCLUSIONS
Data in the current study illustrate that PRE herbicide applications affect hybrid
bermudagrass nutrient content. All root inhibiting herbicides affected P, S, and K content.
Treatment with indaziflam, a CBI, reduced Mg and Mn content compared to non-treated
plants. This response was not observed with prodiamine, a MTI, and could explain foliar
injury symptoms present after treatment. Further research should evaluate effects of
micro- and macronutrient applications on hybrid bermudagrass injury with preemergence
herbicides. Applications prior to, or at treatment may be able to prevent the onset of
injury symptoms, while those made after injury could remediate damage.
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Table 3.1. Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey,
cv. ‘Tifway’] injury following applications of preemergence herbicides in nutrient
solution culture during two glasshouse experiments conducted in Knoxville, TN during
2012.

Hybrid bermudagrass injury
Experiment 1
Herbicide

Rate
__

1 WAT†

g ha-1__

2 WAT

Experiment 2
3 WAT

__________________________________

1 WAT

2 WAT

3 WAT

%________________________________

35

23 a*

61 a

72 a

17 a

39 a

67 b

52.5

26 a

67 a

72 a

21 a

41 a

78 a

isoxaben

1120

9b

31 b

31 b

9b

27 b

49 c

prodiamine

840

1b

7c

4c

4 bc

4c

1d

oxadiazon

3360

0b

5c

2c

0c

0c

1d

indaziflam

†

WAT = weeks after treatment

*

Different letters indicate a statistically significant difference between herbicide treatments at

P ≤ 0.05.
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Table 3.2. Visual assessment of hybrid bermudagrass [C. dactylon (L.) Pers. x C.
transvaalensis Burtt-Davey, cv. ‘Tifway’] root mass following applications of
preemergence herbicides in nutrient solution culture during two glasshouse experiments
conducted in Knoxville, TN during 2012.

Hybrid bermudagrass visual root mass
Experiment 1
Herbicide

Rate
__

indaziflam

1 WAT†

g ha-1__

2 WAT

Experiment 2
3 WAT

__________________________

1 WAT

2 WAT

3 WAT

1 to 5‡_________________________

35

3 b*

2b

1c

1c

1c

1c

52.5

3b

2b

2 bc

2c

1 bc

1c

isoxaben

1120

4 ab

2b

2 bc

3b

2b

2b

prodiamine

840

3b

2b

2b

2c

1 bc

1c

oxadiazon

3360

4a

4a

4a

4a

4a

5a

†

WAT = weeks after treatment

‡

Treatments were assessed on a 1 (i.e., lowest) to 5 (i.e., highest) scale relative to a non-

treated control.
* Different letters indicate a statistically significant difference between herbicide treatments at
P ≤ 0.05.
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Table 3.3. Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey,
cv. ‘Tifway’] root color visually assessed following applications of preemergence
herbicides in nutrient solution culture during two glasshouse experiments conducted in
Knoxville, TN during 2012.

Hybrid bermudagrass root color
Experiment 1
Herbicide

Rate
__

indaziflam

1 WAT†

g ha-1__

2 WAT

Experiment 2
3 WAT

___________________________

1 WAT

2 WAT

3 WAT

1 to 5 scale‡_________________________

35

3 b*

2c

2 bc

1c

1c

1c

52.5

3b

2c

2c

1c

1c

1c

isoxaben

1120

4 ab

3 bc

2 bc

3b

2b

3b

prodiamine

840

4b

4b

3b

3b

3b

2b

oxadiazon

3360

5a

5a

4a

5a

5a

5a

†

WAT = weeks after treatment

‡

Treatments were assessed on a 1 (i.e., necrotic) to 5 (i.e., healthy) scale relative to a non-

treated control.
* Different letters indicate a statistically significant difference between herbicide treatments at
P ≤ 0.05.
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Table 3.4. Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey,
cv. ‘Tifway’] foliar dry weight biomass following applications of preemergence
herbicides in nutrient solution culture during two glasshouse experiments conducted in
Knoxville, TN during 2012.

Hybrid bermudagrass foliar dry weight biomass†
Herbicide

Rate
__

g ha-1__

indaziflam

Experiment 1

____________________________ ____________________________

g

35

13 b*

13 c

52.5

13 b

14 c

isoxaben

1120

13 b

25 ab

prodiamine

840

15 ab

18 bc

oxadiazon

3360

15 ab

33 a

18 a

30 a

non-treated control
†

Experiment 2

All foliar biomass from each container was harvested 3 weeks after treatment, dried at

65 °C for 4 d, and weighed.
* Different letters indicate a statistically significant difference between herbicide
treatments at P ≤ 0.05.
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Table 3.5. Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] tissue nutrient content
following applications of preemergence herbicides in nutrient solution culture. Means are pooled over two glasshouse experiments
conducted in Knoxville, TN during 2012.

Tissue nutrient content
Herbicide

Rate
g ha-1

indaziflam

P

Mg

Ca

Na

___________________________________

B

Zn

Mn

Fe

Al

g per total foliar biomass_____________________________________

35

62 b*

70 c

257 b

10 b

0.25 a

0.76 bc

1.6 b

5.1 a

2.5 a

52.5

67 b

72 c

290 ab

11 ab

0.25 a

0.77 bc

1.7 b

5.3 a

2.9 a

isoxaben

1120

79 b

77 bc

284 ab

11 ab

0.24 a

0.96 ab

2.3 ab

4.5 a

2.3 a

prodiamine

840

71 b

84 abc

282 ab

12 ab

0.29 a

0.72 c

1.8 ab

5.6 a

2.9 a

oxadiazon

3360

119 a

102 a

362 a

13 a

0.26 a

1.10 a

2.6 a

6.2 a

2.8 a

non-treated control

---

104 a

97 ab

340 a

13 a

0.29 a

1.03 a

2.5 a

5.2 a

2.2 a

* Different letters indicate a statistically significant difference between herbicide treatments at P ≤ 0.05.

Table 3.6. Foliar tissue nutrient content of hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’]
following applications of preemergence herbicides in nutrient solution culture during two glasshouse experiments conducted in
Knoxville, TN during 2012.

Tissue nutrient content
Experiment 1
Herbicide

Rate
__

indaziflam

g ha-1__

N

S

K

________________________________________

Experiment 2
Cu

N

S

K

g per total foliar biomass________________________________________

35

510 b*

95 a

423 b

0.46 a

495 b

96 b

419 c

0.52 cd

52.5

527 ab

104 a

453 b

0.44 a

472 b

101 b

451 c

0.47 d

isoxaben

1120

492 b

105 a

439 b

0.41 a

751 ab

135 b

716 b

0.74 bc

prodiamine

840

598 ab

117 a

546 ab

0.49 a

570 b

113 b

540 bc

0.59 bcd

oxadiazon

3360

546 ab

114 a

523 ab

0.51 a

1020 a

242 a

1100 a

1.06 a

non-treated control

---

661 a

119 a

654 a

0.57 a

915 a

202 a

1032 a

0.85 ab

* Different letters indicate a statistically significant difference between herbicide treatments at P ≤ 0.05
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CHAPTER 4
EFFECT OF REED-SEDGE PEAT MOSS
ON HYBRID BERMUDAGRASS INJURY WITH
INDAZIFLAM AND PRODIAMINE IN SAND-BASED ROOTZONES

This chapter is based on a paper published by Patrick Jones, James Brosnan, Dean
Kopsell, and Greg Breeden:

Jones, P.A., J.T. Brosnan, D.A. Kopsell, and G.K. Breeden. 2013. Effect of Organic
Matter on Hybrid Bermudagrass Injury with Indaziflam and Prodiamine in Sand-Based
Rootzones. Weed Technology (in press).

My contributions to this paper include (i) conducting the experiments, (ii) collecting,
processing and collaborating on data analysis and interpretation, (iii) reading literature,
(iv) and writing the manuscript.

ABSTRACT
Preemergence (PRE) herbicides have been reported to injure both the foliage and
roots of hybrid bermudagrass turf established in sand culture. Research was conducted to
evaluate the influence of reed-sedge peat moss (RSPM) on hybrid bermudagrass injury
following PRE herbicide applications to plants established in sand culture. Washed sod
plugs were established in mini-rhizotrons constructed with sand rootzones varying in
organic carbon content (0.000, 0.003, 0.007, and 0.012 kg kg-1). Herbicide treatments
included indaziflam (35 and 52.5 g ha-1) and prodiamine (840 g ha-1). Significant foliar
injury was only observed with indaziflam at 52.5 g ha-1. When applied to plants in sand
with 0.000 kg kg-1 organic carbon, foliar injury measured 61% by 6 weeks after
treatment. Comparatively, injury with indaziflam at 52.5 g ha-1 was reduced by 40% with
applications to plants established in sand with 0.007 kg kg-1 organic carbon. Root length,

root length density, and root surface area were greatest in sand rootzones with ≥ 0.007 kg
kg-1 organic carbon regardless of herbicide treatment; however, only indaziflam (52.5 g
ha-1) and prodiamine treated plants exhibited diminished root parameters relative to the
non-treated check. Data in the current study illustrate that RSPM can affect above- and
belowground injury following PRE herbicide applications to hybrid bermudagrass in sand
rootzones.

INTRODUCTION
Preemergence (PRE) herbicides are often applied to hybrid bermudagrass [C.
dactylon (L.) Pers. x C. transvaalensis Burtt-Davey] to control annual grassy weeds
(Brosnan et al. 2011; Cooper et al. 1990; Johnson 1996; Perry et al. 2011). Two
commonly used herbicidal mechanisms of action used for PRE weed control in hybrid
bermudagrass are mitotic and cellulose biosynthesis inhibition. Prodiamine is a
dinitroaniline herbicide that inhibits mitosis (MTI) by disrupting production of the
microtubule protein tubulin in susceptible species (Tresch et al. 2005; Senseman 2007).
Brosnan et al. (2011) reported that PRE applications of prodiamine at 0.84 kg ha-1 in
spring effectively controlled (>99%) smooth crabgrass (Digitaria ischaemum Schreb.) in
bermudagrass (Cynodon dactylon L. Pers.) turf throughout the summer in Tennessee and
Georgia. Indaziflam is an alkylazine herbicide that inhibits cellulose biosynthesis (CBI)
in susceptible species (Myers et al. 2009); however, the precise site of action targeted by
indaziflam has not been reported. Similar to prodiamine, PRE applications of indaziflam
at 35, 52.5, and 70 g ha-1 have been shown to control smooth crabgrass >95% (Brosnan
et al. 2011). Indaziflam at rates of 30 to 60 g ha-1 have also been found to control annual
bluegrass (Poa annua L.) >93% through 28 WAT (Brosnan et al. 2012). Root absorption
is required for weed control with indaziflam as soil-only and soil-plus-foliar applications
will control both smooth crabgrass and annual bluegrass greater than applications made
only to foliage (Brosnan and Breeden 2012).
Despite the effectiveness of these herbicides for controlling weeds, applications of
MTI and CBI herbicides can injure both root and shoot tissue of desirable turfgrasses.
Fishel and Coats (1994) reported that prodiamine applications at 1.1 kg ha -1 reduced

bermudagrass root abundance and increased abnormal root morphology. Jones et al.
(2013a) observed 68 to 89% reductions in root length density following indaziflam (35 g
ha-1) and prodiamine (840 g ha-1) applications to hybrid bermudagrass in a sand-based
rootzone with no organic matter. When these same treatments were applied to hybrid
bermudagrass established in silt loam, reductions were less pronounced (17 to 44%
reduction compared to non-treated plants). Reductions in root length density with
indaziflam reported by Jones et al. (2013a) were accompanied by substantial foliar injury
(23 to 48%); however, this response was not observed on indaziflam-treated plants
established in silt loam or with plants treated with prodiamine in either sand or silt loam.
The researchers surmised that differences in foliar injury with indaziflam and prodiamine
could be due to varying effects of these herbicides on hybrid bermudagrass root
physiological function. In hydroponic culture, although both indaziflam and prodiamine
reduced hybrid bermudagrass root biomass compared to a non-treated control, foliar
magnesium (Mg) and manganese (Mn) content in indaziflam-treated plants measured
lower than the non-treated control while prodiamine did not (Jones et al. 2013b). This
response suggests that these herbicides may differentially affect translocation of
micronutrients involved in photosynthesis from root to shoot tissue. Reductions in Mg
and Mn would compromise photosynthesis as Mg is a central component of chlorophyll
contributing electrons to photosystem II (PSII) after absorbing photons, while Mn is a
catalyst for the Hill Reaction, oxidizing water molecules to replace electrons lost to PSII
from photon excitation (Cheniae and Martin 1969; Taiz and Zeiger 2010).
Numerous studies have demonstrated that organic matter content is highly
correlated to PRE herbicide activity. Harrison et al. (1976) evaluated oat (Avena sativa L.

‘Carolee’) phytotoxicity with five different herbicides (atrazine, chloramben,
fluometuron, propachlor, and trifluralin) applied PRE in ten different North Carolina soils
and reported that herbicidal activity was significantly correlated (mean of r = 0.78 to 0.80
for all five herbicides) with soil organic matter content. Activity of triazine herbicides
applied PRE has been linked with soil organic matter content (Harrison et al. 1976;
Rahman and Matthews 1979). In six loam or clay based coastal soils, with organic matter
ranging from 1.0 to 3.8%, Blumhorst et al. (1990) reported significant associations (r =
0.66 to 0.84) between soil organic matter content and efficacy of atrazine, cyanazine,
alachlor, metolachlor, and pendimethalin for PRE weed control in corn (Zea mays L.).
The researchers calculated that the herbicide rates required to achieve 80% weed control
were 1.4 to 2.9 times greater in soils with 3.8% organic matter compared to 1% organic
matter. Alonso et al. (2011) evaluated sorption of indaziflam in four oxisol and three
mollisol soils and reported that sorption in both soil orders was positively correlated to
soil organic carbon content (r= 0.67 to 0.99). Although indaziflam is classified as a weak
acid (pKa = 3.5) and would be primarily anionic in the oxisol soils tested (pHs ranging
from 5.4 to 6.2), the researchers suggested that the high degree of sorption observed may
be an effect of the triazinediamide group on the indaziflam structure interacting with
organic carbon content of the soils. Sorption coefficients (Kf,oc) in mollisols were lower
(498 to 602) than those measured in oxisols (415 to 1428). Although the mollisol soils
tended to be higher in organic carbon (1.1 to 2.5%) than the oxisols (0.5 to 2.2%), they
measured much higher in soil pH (6 to 8.3).
Variable root and shoot injury has been reported following indaziflam and
prodiamine applications to hybrid bermudagrass established in sand (0% organic matter)

and silt loam (1.4% organic matter) soils (Jones et al. 2013a). Increasing organic matter
content of sand rootzones may lead to greater herbicide sorption and reduce the
likelihood for root or shoot injury. However, data describing the impacts of organic
matter content on these responses are limited. Thus, the objective of this study was to
evaluate the influence of organic matter content on hybrid bermudagrass injury following
PRE herbicide applications to plants established in sand culture.

Materials and Methods
Research was conducted in the summer of 2012 in two separate glasshouses at the
University of Tennessee (Knoxville, TN; 35° 56’ N Lat.). ‘Tifway’ hybrid bermudagrass
was established from washed sod in mini-rhizotrons using methods similar to those
previously reported by other researchers (Brosnan et al. 2010; Jones et al. 2013a). Clear
polyethylene tubes (3 mm thickness, 3.8 cm outside diameter, 30 cm length) were
constructed with a heat sealer and small holes were made in each tube to allow for
drainage. Tubes were filled with either 100% rounded silica sand (US Silica, Berkeley
Springs, WV) containing 0 kg kg-1 organic carbon (by weight) or one of three sands
uniformly blended with finely graded reed-sedge peat moss (RSPM) (Peat Inc, Elk River,
MN 55330). RSPM was chosen as the organic matter source in that it is commonly used
to amend sand-based rootzones prior to turfgrass establishment (Hummel 2000).
Laboratory testing according to ASTM D-2974 indicated that this RSPM source
contained 88% organic carbon and measured 42% in moisture content (ASTM
International 2012) Three volumetric sand-to-RSMP ratios were evaluated: 1) a 95:5 ratio
containing 0.003 kg kg-1 organic carbon; 2) a 80:20 ratio containing 0.007 kg kg-1 organic

carbon; and 3) a 60:40 ratio containing 0.012 kg kg-1 organic carbon. Organic carbon
content (kg kg-1) of each rootzone was determined following the loss-on—ignition
procedures of ASTM F1647 prior to mini-rhizotron construction (ASTM International
2011). All sands conformed to United States Golf Association particle size diameter
specifications (0% > 2.0 mm; 0.9% 1.0 to 2.0 mm; 25.8% 0.5 to 1.0 mm diameter; 55.7%
0.25 to 0.5 mm; 13.8% 0.15 to 0.25 mm; 3.6% 0.05 to 0.15 mm). Soil pH, nutrient
content, and cation exchange capacity of each rootzone are presented in Table 1.
Each rootzone was poured and packed into the mini-rhizotron at a bulk density of
1.4 Mg m-3. A polyvinyl chloride (PVC) pipe was cut to 30 cm and a bolt was positioned
in the lower end to support each polyethylene tube. The PVC pipe formed a sleeve
around the sand-filled tube after insertion. Tubes were placed in a frame at a 30-degree
angle from horizontal to monitor gravitropic root growth along the polyethylene liner of
each tube.
Day and evening air temperatures in each glasshouse averaged 31/23 and 29/25
degrees C under conditions of natural photoperiods. Plant nutrients in each experiment
were supplied weekly at a rate of 49 kg N ha-1 with a complete fertilizer (20 N-20 P2O520 K2O; Howard Johnson’s Enterprises, Inc, Milwaukee, WI) and mowed daily at a
height of 3.8 cm using hand shears with clippings returned. Irrigation was used to
promote active hybrid bermudagrass growth.
Plants established in each mini-rhizotron were treated with one of two different
herbicides 2 weeks after transplanting. Rooting depth at application ranged from 10 to 15
cm and was determined using previously published methods (Brosnan et al. 2010; Jones
et al. 2013a). The length of the longest subtending root from the crown that was visible

along the sidewall of each polyethylene tube was measured on the day of herbicide
application. Herbicide treatments included indaziflam (Specticle 20 WSP, Bayer
Environmental Sciences, Research Triangle Park, NC) at 35 and 52.5 g ha-1, and
prodiamine (Barricade 65 WG, Syngenta Crop Protection, Greensboro, NC) at 840 g ha-1.
Indaziflam and prodiamine rates were selected according to label directions (Anonymous
2010, 2012). Differences in above- and belowground injury have been reported with
these indaziflam and prodiamine rates applied to hybrid bermudagrass in sand culture
(Jones et al. 2013a). A non-treated check was also included at each organic carbon level
for comparison. Treatments were applied with a CO2-powered boom sprayer calibrated to
deliver 281 L ha-1 utilizing flat-fan nozzles (8002VS; Spraying Systems Co., Roswell,
GA) at 124 kPa. Treatments were watered in to a ~10 mm depth after application.
Hybrid bermudagrass injury was visually assessed weekly using a 0 (i.e., no
injury) to 100% (i.e., plant death) scale relative to non-treated plants. At six weeks after
treatment (WAT), roots were washed free of media and excised as close to the crown as
possible. WinRhizo software (Regent Instruments, Quebec, Canada) was used to
characterize root length (cm), root surface area (cm2) and root length density (cm cm-3)
according to methods of Brosnan et al. (2010) and Jones et al. (2013a). Root length
density is defined as the length of roots per volume of soil and has been reported to
provide the most utility in mini-rhizotron experiments evaluating root growth (Merrill
and Upchurch 1994).
The experimental design was a factorial (4 x 4) arrangement in a randomized
complete block with four replications. Two experimental runs were conducted in
individual glasshouses. Factors included four sand rootzones varying in organic carbon

content (0, 0.003, 0.007, and 0.012 kg kg-1) and four herbicide treatments (indaziflam at
35 and 52.5 g ha-1; prodiamine at 840 g ha-1; non-treated check). All data were subjected
to ANOVA in SAS (SAS Institute Inc., Cary, NC) using the appropriate expected mean
square values described by McIntosh (1983). Fisher’s protected least significant
difference (LSD) values are reported for mean comparisons at the (α ≤ 0.05) level.
	
  
Results and Discussion
No significant treatment-by-experimental run interactions were detected;
therefore, data from each experimental run were combined.

Hybrid Bermudagrass Injury
Significant rootzone-by-herbicide interactions were detected in hybrid
bermudagrass injury data (Table 2) (p = <0.001). No differences in foliar injury were
observed between prodiamine and the 35 g ha-1 rate of indaziflam regardless of rootzone
organic carbon content. Foliar injury with these treatments ranged from 0 to 12% from 1
to 6 WAT and was not greater than the non-treated check (which exhibited no foliar
injury symptoms) at any time. Jones et al. (2013a) reported a similar response with
prodiamine applications to plants growing in both silt loam and a sand rootzone with no
organic carbon. Jones et al. (2013a) noted greater foliar injury with the 35 g ha-1 rate of
indaziflam than was observed herein (25 to 47%). The researchers treated plants varying
in rooting depth from 5 to 15 cm and observed greater injury at shallower depths. In the
current study, rooting depth at application ranged from 10 to 15 cm. Excluding shallower

rooted plants may have reduced overall hybrid bermudagrass injury with indaziflam at 35
g ha-1.
In the current study, significant hybrid bermudagrass foliar injury was observed
with the 52.5 g ha-1 rate of indaziflam (Table 2). Injury was characterized by a curling of
new growth, reddening of leaf tissue, and eventual necrosis similar to previous reports
(Jones et al. 2013b). In a sand rootzone with no organic carbon (0 kg kg-1), injury ranged
from 6 to 61% from 1 to 6 WAT. An increase to 0.003 kg kg-1 organic carbon reduced
hybrid bermudagrass injury at all rating dates except at 4 WAT. Increasing organic
carbon content to 0.007 and 0.012 kg kg-1 reduced injury compared to 0.000 kg kg-1
regardless of rating date. For example, at 3 WAT in a sand rootzone with no organic
crabon, indaziflam at 52.5 g ha-1 injured hybrid bermudagrass 52%. When this treatment
was applied to plants established in a sand rootzone with 0.003 kg kg-1 organic carbon,
injury was reduced to 32%; increasing organic carbon content to 0.007 and 0.012 kg kg-1
reduced injury to 14 and 8%, respectively. Increasing organic content from 0.003 to
0.007 kg kg-1 reduced hybrid bermudagrass injury on all but one evaluation date. On no
date were significant reductions in hybrid bermudagrass injury observed when organic
carbon increased from 0.007 to 0.012 kg kg-1. This response suggests a minimum organic
carbon content of 0.007 kg kg-1 may be required to reduce hybrid bermudagrass injury
with indaziflam at 52.5 g ha-1. However, further field testing is needed to validate this
theory.

Root Morphology
Root morphological data (i.e., root length, root surface area, and root length
density) varied due to rootzone and herbicide treatment; however, no rootzone-byherbicide interactions were detected (p = 0.2803, 0.2791 and 0.2812, for root length, root
surface area, and root length density respectively) therefore, means were combined across
herbicides. Root length, root surface area, and root length density were lowest on sand
rootzones with ≤ 0.003 kg kg-1 organic carbon; no significant differences were detected
between the 0.000 and 0.003 kg kg-1 rootzones at any time (Table 3). Root length, root
surface area, and root length density values were greatest in sand rootzones with ≥ 0.007
kg kg-1 organic carbon and differences were not detected between rootzones containing
0.007 and 0.012 kg kg-1.
Root morphological data varied due to herbicide treatment (Table 4). No
differences in root length, root surface area, and root length density were detected
between indaziflam at 35 g ha-1 compared to the non-treated check. Averaged over the
four rootzones, prodiamine and indaziflam at 52.5 g ha-1 reduced root length, root surface
area and root length density by 50 to 65%. For each root parameter, indaziflam at 52.5 g
ha-1 resulted in a greater reduction than prodiamine. This response is similar to Jones et
al. (2013a), who reported root length density reductions of 77 to 83% with indaziflam at
52.5 g ha-1 compared to 67 % for prodiamine in a sand rootzone with no organic carbon.
Data in the current study illustrate that soil organic carbon content and application
rate affect indaziflam injury potential to hybrid bermudagrass grown in sand-based
rootzones. Increasing organic carbon content from 0.000 to 0.007 kg kg-1 reduced hybrid
bermudagrass injury with indaziflam at 52.5 g ha-1 on every evaluation date. These

increases in organic carbon content reduced the impacts of indaziflam on root length, root
surface area, and root length density. Within the limitations of these experiments, our
data show no benefit to having organic carbon in excess of 0.007 kg kg-1.
Decreased indaziflam injury with increasing organic carbon content supports the
work of Alonso et al. (2011) who reported positive correlations between sorption values
and organic carbon content in several soils. Foliar injury and root reductions in our study
were lowest in sands containing ≥ 0.007 kg kg-1 organic carbon. These sand rootzones
also measured 4.9 to 5.2 in soil pH, conditions that would not be considered favorable for
indaziflam sorption. Alonso et al. (2011) also reported high indaziflam sorption at soil
pHs expected to be unfavorable for sorption (based on the dissociation constant of
indaziflam) and surmised that this was due to the triazineamide group present on the
indaziflam molecule. Additionally, the researchers noted that clay mineralogy can affect
indaziflam sorption when then the clay-to-organic carbon ratio in soil is greater than 25.
While increases in clay content would positively affect cation exchange capacity (CEC),
these values were not reported by Alonso et al. (2011). In the current study, increased
organic carbon content of the sand rootzones tested reduced pH values to levels
unfavorable for indaziflam sorption (4.9 to 5.2) and concomitantly increased CEC values
from 0.14 meq 100 g-1 in a sand with no organic carbon to 0.42 to 0.50 meq 100 g-1.
These changes were associated with reduced above and belowground hybrid
bermudagrass injury. These responses would suggest that CEC affects indaziflam activity
in sand culture to a greater extent than soil pH; however, additional studies are needed to
confirm this theory given the narrow range of soil pH and CEC values evaluated in this
work.

Our study was limited in that it was conducted in mini-rhizotron culture in a
glasshouse with RSPM uniformly blended throughout a 30 cm profile. The decision was
made to ensure uniformity between mini-rhizotrons of a single treatment. This even
distribution of RSPM would not likely be seen in a field situation. In a field situation,
organic carbon content would be greatest in the uppermost portion of the soil profile near
the soil-turf interface. Future studies looking at the effects of organic carbon on herbicide
activity should address this issue. Lastly, RSPM was the only organic matter source used
in this study. Future research should evaluate effects of PRE herbicides on hybrid
bermudagrass established in sand culture with different sources of organic carbon.
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APPENDIX
TABLES AND GRAPHS

Table 4.1. Soil chemical properties for sand rootzones used in mini-rhizotron
experiments conducted in glasshouses at the University of Tennessee (Knoxville, TN;
35° 56’ N Lat.) during 2012. All data were collected at the University of Tennessee Soil,
Plant, and Pest Center (Nashville, TN).
	
  
Organic Carbonab
_

a

kg kg-1_

CEC
_

pHb

meq 100 g-1_

Pb

Kb

_________________________

Cab

Mgb

kg ha-1________________________

0.000

0.14

6.2

5.6

5.6

69.4

12.3

0.003

0.43

5.3

5.6

9.0

175.8

25.8

0.007

0.50

5.2

4.5

7.8

207.2

26.9

0.012

0.42

4.9

5.6

7.8

241.9

26.9

Sand rootzones were volumetrically blended with varying amounts of reed-sedge peat moss

(Short Mountain Silica, Mooresburg TN).
b

Organic carbon content determined according to ASTM F-1647 (ASTM International 2011).

Table 4.2. Rootzone-by-herbicide treatment interactions on hybrid bermudagrass [C.
dactylon (L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] injury during two
glasshouse experiments conducted in Knoxville, TN (35° 56’ N Lat.) during the summer
of 2012.

Organic
Carbonb
_

Herbicide

kg kg-1 _
0.000

Rate

__

g ha1__

1 WAT

b

Hybrid bermudagrass injurya
2 WAT 3 WAT 4 WAT 5 WAT

___________________________________

6 WAT

%________________________________

indaziflam

35
1
6
4
6
8
5
52.5
6
44
52
60
61
61
prodiamine
840
2
9
5
8
12
10
0.003
indaziflam
35
0
4
1
4
4
4
52.5
1
26
32
53
47
48
prodiamine
840
0
6
5
9
9
9
0.007
indaziflam
35
0
2
1
3
1
4
52.5
1
9
14
20
19
21
prodiamine
840
1
5
3
6
6
4
0.012
indaziflam
35
0
4
1
6
4
4
52.5
0
11
8
14
11
14
prodiamine
840
0
3
3
2
5
10
LSD0.05
2
6
7
11
12
12
a
Hybrid bermudagrass injury was assessed weekly using a 0 (no injury) to 100 (plant death) visual scale
relative to a non-treated check.
b

Sand rootzones were blended with varying amounts of reed-sedge peat moss (Short Mountain Silica,

Mooresburg TN). Organic carbon content determined according to ASTM F-1647 (ASTM International
2011).
c

WAT = weeks after treatment.

Table 4.3. Effect of organic matter content on hybrid bermudagrass [C. dactylon (L.)
Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] root morphology during two
glasshouse experiments conducted in Knoxville, TN (35° 56’ N Lat.) during the summer
of 2012. Means were averaged over four herbicide treatments (indaziflam at 35 and 52.5
g ha-1; prodiamine at 840 g ha-1; non-treated check).

Organic carbona
Root length
Root surface area
Root length density
___
-1 ___
____
____
_________
2 _________
_______
kg kg
cm
cm
cm cm-3 ______
0.000
1050
112
1.10
0.003
939
102
0.98
0.007
1215
132
1.27
0.012
1359
144
1.42
LSD0.05
175
21
0.18
a
Sands were blended with reed-sedge peat moss (Short Mountain Silica, Mooresburg
TN). Organic carbon content determined according to ASTM F-1647 (ASTM
International 2011).

	
  
	
  

Table 4.4. Effect of herbicide treatment on hybrid bermudagrass [C. dactylon (L.) Pers. x
C. transvaalensis Burtt-Davey, cv. ‘Tifway’] root morphology during two glasshouse
experiments conducted in Knoxville, TN (35° 56’ N Lat.) during the summer of 2012.
Means were averaged over four rootzones containing 0.000 to 0.012 kg kg-1 organic
carbon
	
  
Herbicide

Rate
____

g ha-1

____

indaziflam
indaziflam
prodiamine
non-treated check
LSD0.05
	
  
	
  

35
52.5
840

Root length
_____

cm ____

1582
615
794
1574
176

Root surface area
______

cm2 ______
173
60
86
172
21

Root length
density
____
cm cm-3____
1.65
0.64
0.83
1.64
0.18

CHAPTER 5: EFFECT OF PREEMERGENCE HERBICIDES ON HYBRID
BERMUDAGRASS DIVOT RESISTANCE AND RECOVERY

ABSTRACT
Divoting, or the displacement of turf and soil as a result of a golfer’s swing, is a
common occurrence on golf courses that reduces turf quality. Research was conducted at
the University of Tennessee Center for Athletic Field Safety (Knoxville, TN) in 2012
evaluating the effects of preemergence (PRE) herbicide applications on hybrid
bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davy, cv. ‘Tifway’] divot
resistance and recovery. Plots were subjected to the factorial combination of seven
herbicide treatments (indaziflam at 35 and 52.5 g ha-1; prodiamine at 840 g ha-1;
pendimethalin at 3360 g ha-1; dithiopyr at 560 g ha-1; oxadiazon at 3360 g ha-1; untreated
control) and three divot timings [1, 2, and 3 months after herbicide treatment (MAT)].
Herbicide application rates were based on label recommendations for weed control in
warm season turfgrass. Divot resistance was quantified through measurements of divot
volume while divot recovery was quantified by measuring turf cover using digital image
analysis. No differences in divot volume were detected among divot timings. Divot
volumes on turf treated with indaziflam at 35 g ha-1 were larger than the untreated control
but not significantly different from the other herbicides tested. Regardless of divot
timing, no differences in divot recovery were detected due to herbicide treatment. Under
the conditions of this study, applications of PRE herbicides at labeled rates did not affect
divot resistance or recovery. However, future research should also evaluate effects of
divoting on weed control efficacy of PRE herbicide applications

INTRODUCTION
Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis Burtt-Davy] was
introduced into the United States in the mid-1700s and is commonly used on golf
courses, athletic fields, and lawns throughout the transition zone and southward (Fishel et
al. 1993; McCarty and Miller 2002). Hybrid bermudagrasses are frequently used on golf
courses in place of common bermudagrass (Cynodon dactylon L.) in that they offer high
turfgrass quality at low mowing heights in addition to being able to tolerate and quickly
recover from traffic (Thoms et al. 2011, McCarty and Miller 2002). According to Lyman
et al. (2007), hectares of bermudagrass on golf courses (196,633 ha) exceed all other turf
species.
Divoting, or the displacement of turf and soil as a result of a golfer’s swing, is a
common occurrence on golf courses that reduces turf quality (McNitt 2000; Trappe et al.
2011). Patton et al. (2010) estimated that 0.21 ha of turf are removed annually from
bermudagrass golf course fairways. Bermudagrasses can vary in both divot resistance and
divot recovery (Karcher et al. 2005; Trappe et al. 2011). Divot resistance is the ability of
a turfgrass to resist divoting during impacts capable of displacing turf and soil (i.e., a golf
club striking a ball), while divot recovery is the rate at which turf recovers (i.e., grows
into the divot scar) after divots have been made (Karcher et al. 2005; Serensits 2008).
Soil amendments have been shown to affect divot resistance in perennial ryegrass
(Lolium perenne L.). McNitt and Landschoot (2005) amended sand rootzones with
several synthetic soil amendments (e.g., DuPont Shredded Carpet, Netlon, Turfgrids, etc.)
before establishing ‘SR 4200’ perennial ryegrass. Divot resistance was quantified using
PENNSWING, a weighted pendulum apparatus equipped with a pitching wedge. The

researchers reported that soil amendments did not affect divot resistance on plots
receiving minimal simulated traffic with the Brinkman Traffic Simulator. However, these
amendments increased divot resistance (i.e., resulted in smaller divots) on plots receiving
maximal simulated traffic. The researchers surmised that soil amendment effects were
present on these plots due to reductions in turf cover following simulated traffic.
Serensits (2008) used the same device to quantify the effects of a plant growth
regulator (trinexapac-ethyl) and vertical mowing on nine cultivars of Kentucky bluegrass
(Poa pratensis L.) and reported that divot length varied between cultivars, with the
shortest divots apparent in ‘Limousine’ and the longest in ‘Penn State B’. Serensits
(2008) also reported that divot resistance and turf shear strength were significantly
correlated (r = -0.40) to one another. A Turfgrass Shear Tester was used by Trappe et al.
(2011) to quantify force required to make a divot in various bermudagrass and
zoysiagrass (Zoysia spp.) cultivars. The researchers reported that ‘Patriot’, ‘Princess 77’,
Riviera’, ‘Tifsport’ and ‘Tifway’ required 52 to 67 newtons per meter to generate a divot
in July 2009. Conversely, ‘Diamond’ zoysiagrass required nearly twice the amount of
force to remove a divot (115 newtons per meter) on the same date.
Divot recovery has also been studied by several researchers. Steinke and Stier
(2003) reported that nitrogen fertilizer along with monthly or bimonthly applications of
the plant growth regulator trinexapac-ethyl (0.05 kg a.i. ha-1) significantly improved turf
quality, density, and chlorophyll levels of Kentucky bluegrass; however, divot recovery
was not affected by either nitrogen or trinexapac-ethyl treatment. Karcher et al. (2005)
evaluated divot recovery of 48 bermudagrass cultivars by subjecting each to a modified
edger similar to Fry (2004); thus, all plots received divots of uniform volume and

recovery was monitored using digital image analysis. The researchers reported that the
bermudagrass varieties ‘La Ploma,’ ‘Yukon’ and ‘SR 9554’ exhibited the most rapid
recovery, reaching 50% green coverage in approximately in 3.5 days, while ‘Tifsport,’
‘Patriot’ and ‘Ashmore’ were the slowest to recover, taking an average of 6 days to reach
50% green cover.
Many of the preemergence (PRE) herbicides used to control annual weeds in
bermudagrass turf have been shown to reduce bermudagrass root growth, including
prodiamine, indaziflam, and dithiopyr (Jones et al. 2013; Tillman and Beard 1997). Fishel
and Coats (1993) reported that reductions in common bermudagrass root weights with
PRE herbicides were greatest in the upper 5 cm of the soil profile. Reductions in root
growth in this upper portion of a rootzone could negatively impact divot resistance.
Bermudagrass sod strength (commonly harvested to depths less than 5 cm) has been
shown to decline following PRE herbicide treatment (Sharpe et al. 1989). Moreover
residual soil activity of PRE herbicides may negatively impact divot recovery from
aboveground stolon growth. Boyd and Baird (1997) reported that prodiamine (0.8 kg ha1

) and dithiopyr (0.6 kg ha-1) applications at sprigging in Arkansas and Oklahoma

reduced turf coverage 28 days after treatment compared to an untreated control. Similar
responses were observed by McCarty and Weinbrecht (1997) in Florida eight weeks after
treatment with prodiamine and dithiopyr in Florida. Fagerness et al. (2002) observed
similar responses in North Carolina and concluded that prodiamine (1.1 kg ha-1) and
dithiopyr (0.6 kg ha-1) can significantly impede bermudagrass stolon growth from sprigs;
however, when the researchers applied oxadiazon at 3.4 kg ha-1, no significant reduction
in percent cover was detected. Bingham and Hall (1985) observed similar responses with

oxadiazon rates of 2.2 to 4.5 kg ha-1. Oxadiazon is an inhibitor of protoporphyrinogen IX
oxidase known to have minimal effect on bermudagrass roots as the herbicide is absorbed
primarily by foliar tissue of emerging shoots (Senseman 2007; Johnson, 1980).
These responses would suggest that reductions in root growth following PRE
herbicide treatment could reduce divot resistance and recovery rates; however, PRE
herbicide effects on hybrid bermudagrass divot resistance and recovery have received
limited investigation. Given the frequency at which divots are generated on golf course
turf, information of this nature would benefit turf managers controlling annual weeds on
golf courses with PRE herbicides. Thus, the objective of this study was to determine the
effects of several PRE herbicides on hybrid bermudagrass divot resistance and recovery.

MATERIALS AND METHODS
Research was conducted during 2012 at the University of Tennessee Center for
Athletic Field Safety (Knoxville, TN) on a mature stand of ‘Tifway’ hybrid
bermudagrass. The rootzone was a sand medium blended with sphagnum peat moss (80%
sand: 20% peat moss, by volume) that conformed to the particle size distribution and
physical property specifications outlined by the United States Golf Association (USGA,
2007). Turf was maintained at a 3.2 cm height of cut with a reel-mower three times
weekly; clippings were returned to the surface following mowing. Irrigation was applied
to maximize vigor and nutrients were applied at a rate 244 kg N ha-1 per year from a
complete fertilizer (24 N: 6 P2O5: 12 K2O).
PRE herbicide treatments were applied to plots (0.9 x 0.9 m) on 15 March 2012
with a CO2-powered boom sprayer calibrated to deliver 281 L ha-1, using 8002 flat-fan

nozzles (Tee Jet; Spraying Systems Co., Roswell, GA). Treatments included indaziflam
(Specticle 20WSP; Bayer Environmental Sciences. Research Triangle Park, NC 27709) at
35 and 52.5 g ha-1, prodiamine (Barricade 65WG. Syngenta Crop Protection. Greensboro,
NC 27409) at 840 g ha-1, pendimethalin (Pendulum 3.3EC. BASF Corporation. Research
Triangle Park, NC 27709) at 3360 g ha-1, dithiopyr (Dimension 40WP. Dow
AgroSciences LLC. Indianapolis, IN 46268) at 560 g ha-1, and oxadiazon (Ronstar
50WSP. Bayer Environmental Sciences. Research Triangle Park, NC 27709) at 3360 g
ha-1) along with an untreated control. All herbicide rates were selected according to label
recommendations for weed control in bermudagrass. All treatments received ~6.4 mm of
irrigation within 24 hours of application.
Divots were generated using the DIVOT apparatus described by Brosnan et al.
(2013). DIVOT consists of a structural frame, a pendulum-based reinforced shaft, and a
leveling system that positions a golf club head above the turf surface. The shaft is
released from a set height of 1.47 m above the turf surface and can be equipped with
removable ballast masses to generate divots using varying levels of impact energy
(Brosnan et al. 2013). During this experiment, the shaft was weighted to generate divots
using 1,117 J of impact energy. A total of three divots per plot were generated 1, 2, and 3
months after herbicide treatment (MAT).
Divot resistance was quantified by measuring divot volume using methods similar
to Trappe et al. (2011). Each divot scar was filled with a dried mixture of silica sand and
sphagnum peat moss (80% sand: 20% peat by volume) having a bulk density of 1.51 g
cm-3. Divot volume was then calculated using Equation 1:
divot volume (cm3) = weight of sand to fill the divot scar (g) * 1 cm3/1.51 g

[1]

Divot recovery was measured bi-weekly using methods similar to Karcher et al.
(2005). Digital images of each divot scar were collected using a light box constructed out
of a polyethylene container (Rubbermaid Roughneck, Rubbermaid Commercial Products
LLC, Winchester, VA) and four LED lights (Sylvania LED 3-Button Silver Round
Dragon Light Puck, OSRAM SYLVANIA, Danvers, MA). An interior blue frame with a
12.7 x 31.7 cm opening was placed around each divot scar in order to capture a uniform
area of turf in each digital image. Images were then analyzed for percent turf cover
according to the methods of Karcher and Richardson (2005). Divot recovery was
calculated using Equation 2:
% recovery = (% cover(x) - % cover(0) / (100% - %cover(0))

[2]

where %cover(x) is the percent green cover within the picture frame on the day the image
was taken and %cover(o) is the percent green cover within the picture frame on the day of
divot generation. Divot recovery was measured for 10 weeks after divoting.
Treatments were arranged in a 7 x 3 factorial, randomized complete block, design
with four replications. Factors include seven herbicide treatments and three divot timings
(1, 2, and 3 MAT). Divot volume data were subjected to analysis of variance in SAS with
Fisher’s protected least significant difference test used to separate treatment means at P ≤
0.05. Divot recovery data were subjected to regression analyses using GraphPad Prism 6
for Mac OS X (GraphPad Software, San Diego, CA.) similar to Karcher et al. (2005).

RESULTS AND DISCUSSION
Divot volume. No significant divot timing-by-herbicide interactions were detected in
divot volume data. Thus, divot timing and herbicide effects on divot volume will be
discussed separately. Divot volume did not vary due to divot timing in this study (Table
1). Divot volume ranged from 166 cm3 to 179 cm3 for divots generated 1 to 3 MAT when
averaged over all herbicide treatments (Table 1). Indaziflam at 35 g ha-1 was the only
herbicide treatment to result in statistically larger divots (202 cm3) than the untreated
control (150 cm3), averaged over the three divot timings (Table 2). However, divot
volume with indaziflam at 35 g ha-1 was not significantly different than indaziflam at 52.5
g ha-1, dithiopyr, oxadiazon, pendimethalin, or prodiamine. Trappe et al. (2011) measured
the volume of divots created by two golfers swinging pitching wedges rather than with a
mechanical instrument (i.e., PENNSWING, DIVOT, etc.), and reported bermudagrass
divot volumes ranging from only 46 to 64 cm3. In the current study, individual divot
volumes ranged from 140 to 570 cm3. Larger divot volume values may be the result of
using a mechanical instrument (e.g., DIVOT apparatus) that created divots using 1,117 J
of impact energy. Divot length (27 cm) and width (9 cm) values averaged over all
herbicide treatments in the current study are similar to untreated control values (i.e., no
trinexapac-ethyl application) reported by Serensits (2008) using PENNSWING (a
weighted pendulum device similar to that used herein) on Kentucky bluegrass.

Divot Recovery. Linear regression models best-fit divot recovery data for divots
generated 1 MAT (Table 3, Figure 1). R2 values for these models ranged from 0.68 to
0.89 with no significant differences detected among herbicide treatments (Table 3, Table

4, Figure 1). Nonlinear regression models best-fit divot recovery data for divots generated
2 and 3 MAT (Table 3, Figure 2, Figure 3). Similar to responses observed with divots
made 1 MAT, herbicide treatment did not affect recovery of divots generated 2 and 3
MAT. R2 values for nonlinear models fit to recovery data collected on divots generated 2
MAT ranged from 0.77 to 0.81 compared to 0.08 to 0.34 for divots generated 3 MAT
(Table 5, Table 6, Figure 2, Figure 3). Reasons for the lower R2 values at this timing are
not clear; however, F-tests for significant herbicide treatment effects were highly nonsignificant (P > 0.90) for data generated at both timings.
K values for nonlinear regression models fit to 2 and 3 MAT divot recovery data
were similar to those reported by Karcher et al. (2005). In this study, K values for divots
generated 2 MAT ranged from 0.14 to 0.24, while those for divots generated 3 MAT
ranged from 0.42 to 0.80. Considering that higher K values are indicative of a faster divot
recovery rate, we hypothesize that higher K values for divots generated 3 MAT were
likely an effect of increased air temperature. Maximum/minimum air temperatures during
the ten weeks recovery data were collected on divots generated 3 MAT averaged 31/21 C
compared to 28/18 C for divots generated 2 MAT. McCarty and Miller (2002) report that
optimal air temperatures for bermudagrass growth range from 29 to 38 C. Thus, increased
air temperatures during the recovery period for divots generated 3 MAT likely facilitated
faster recovery rates compared to divots generated 2 MAT.
Lack of differences in divot recovery due to herbicide treatment may be related to
hybrid bermudagrass recovery from belowground rhizomes rather than stolons. Brosnan
et al. (2011) reported no differences in Tifway hybrid bermudagrass traffic tolerance or
recovery due to PRE herbicide treatment and suggested that this was due to hybrid

bermudagrass recovery from traffic stress via belowground rhizome growth. The
researchers also surmised that applied PRE herbicides were active in soil during
simulated traffic as smooth crabgrass (Digitaria ischaemum) was controlled 95 to 99%
compared to the untreated check by 5 MAT. Unlike traffic stress, divoting involves the
physical removal of turf and soil from the surface. This displacement may remove
applied herbicide from the soil surface, therefore allowing divot recovery via stolon
growth. However, herbicide concentrations in soil were not measured in this study.
Future research should address this in further detail, as herbicide removal via divoting
could compromise weed control efficacy.
Under the conditions of this study, applications of PRE herbicides did not affect
divot resistance or recovery. However, future research should also evaluate effects of
divoting on weed control efficacy of PRE herbicide applications.
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APPENDIX
TABLES AND GRAPHS

Table 5.1. Effect of divot timing on hybrid bermudagrass [C. dactylon (L.) Pers. x C.
transvaalensis Burtt-Davey, cv. ‘Tifway’] divot volume. Divots were generated using
the DIVOT apparatus 1, 2, and 3 months after herbicide treatments at the Center for
Athletic Field Safety (Knoxville, TN) during 2012. Means are pooled over seven
herbicide treatments [indaziflam (35 and 52.5 g ha-1); prodiamine (840 g ha-1);
pendimethalin (3360 g ha-1); dithiopyr (560 g ha-1); oxadiazon (3360 g ha-1); and an
untreated control].

Hybrid bermudagrass divot volume†
Divot timing

Divot volume
____________________

†

1 MAT‡

166

2 MAT

171

3 MAT

179

LSD0.05

NS

Divot volume was calculated using the following equation: Divot volume (cm3) =

weight of sand to fill the divot scar (g) * 1 cm3/1.51 g
‡

cm3____________________

MAT- Months after herbicide treatment

Table 5.2. Effect of herbicide treatment on hybrid bermudagrass [C. dactylon (L.) Pers. x
C. transvaalensis Burtt-Davey, cv. ‘Tifway’] divot volume. Divots were generated using
the DIVOT apparatus 1, 2, and 3 months after herbicide treatment at the Center for
Athletic Field Safety (Knoxville, TN) during 2012. Means are pooled over divots
generated at these three timings.

Hybrid bermudagrass divot volume†
Herbicide

Rate
________

g ha-1________

_________

cm3_________

indaziflam

35

202

indaziflam

52.5

184

dithiopyr

560

184

oxadiazon

3360

165

prodiamine

840

162

pendimethalin

3360

160

untreated control

150
LSD0.05

†

Divot volume

46

Divot volume was calculated using the following equation: Divot volume (cm3) =

weight of sand to fill the divot scar (g) * 1 cm3/1.51 g

Table 5.3. Hypothesis test summaries for hybrid bermudagrass [C. dactylon (L.) Pers. x
C. transvaalensis Burtt-Davey, cv. ‘Tifway’] divot recovery data measured on divots
generated 1, 2, and 3 months after herbicide treatment (MAT) at the Center for Athletic
Field Safety (Knoxville, TN) in 2012.

Sum of squares

Divot 1 MAT

Divot 2 MAT

Divot 3 MAT

reduction test

(linear)

(non-linear)

(non-linear)

Null hypothesis

Slope same for all data sets

K same for all data sets

Alternative hypothesis

Slope different for all data sets

K different for all data sets

Numerator df

6

6

6

Denominator df

126

126

126

F-value

1.45

0.34

0.33

P-value

0.20

0.92

0.92

Table 5.4. Linear regression results for predicting hybrid bermudagrass [C. dactylon (L.)
Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] recovery from divoting 1 month
after herbicide treatment (MAT) at the Center for Athletic Field Safety (Knoxville, TN)
in 2012.

Divot Timing

Herbicide

1 MAT‡

____

Slope

R2

g ha-1____

indaziflam

35

7.2 ± 1.2

0.68

indaziflam

52.5

7.1 ± 0.8

0.82

dithiopyr

560

10.0 ± 0.8

0.89

oxadiazon

3360

6.0 ± 1.1

0.62

prodiamine

840

6.8 ± 1.2

0.66

pendimethalin

3360

7.8 ± 1.3

0.67

8.6 ± 1.3

0.72

untreated control
‡

Rate

MAT= Months after treatment

Table 5.5. Non-linear regression results for predicting hybrid bermudagrass [C. dactylon
(L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] recovery from divoting 2
months after herbicide treatment (MAT) at the Center for Athletic Field Safety
(Knoxville, TN) in 2012.

Divot Timing

Herbicide

2 MAT‡

Rate
____

K†

SE

R2

g ha-1____

indaziflam

35

0.18

0.05

0.80

indaziflam

52.5

0.17

0.05

0.80

dithiopyr

560

0.24

0.06

0.77

oxadiazon

3360

0.18

0.06

0.76

prodiamine

840

0.21

0.06

0.76

pendimethalin

3360

0.18

0.05

0.80

0.14

0.05

0.81

untreated
control
†

K values determine recovery percentage according to the formula: 1 - exp(-K * DAI),

where DAI = days after injury. Higher K values indicte faster recovery from injury
‡

MAT= Months after treatment

Table 5.6. Non-linear regression results for predicting hybrid bermudagrass [C. dactylon
(L.) Pers. x C. transvaalensis Burtt-Davey, cv. ‘Tifway’] recovery from divoting 3
months after herbicide treatment (MAT) at the Center for Athletic Field Safety
(Knoxville, TN) in 2012.

Divot Timing

Herbicide

3 MAT‡

Rate
____

K†

SE

R2

g ha-1____

indaziflam

35

0.60

0.32

0.18

indaziflam

52.5

0.42

0.18

0.38

dithiopyr

560

0.80

0.49

0.08

oxadiazon

3360

0.45

0.21

0.29

prodiamine

840

0.53

0.19

0.34

pendimethalin

3360

0.67

0.30

0.19

0.55

0.35

0.16

untreated
control
†

K values determine recovery percentage according to the formula: 1 - exp(-K * DAI),

where DAI = days after injury. Higher K values indicte faster recovery from injury
‡

MAT= Months after treatment

Figure 5.1. Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis BurttDavey, cv. ‘Tifway’] recovery from divoting 1 month after herbicide treatment (MAT) at
the Center for Athletic Field Safety (Knoxville, TN) in 2012. No significant differences
were detected among herbicide treatments at α = 0.05.

Figure 5.2. Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis BurttDavey, cv. ‘Tifway’] recovery from divoting 2 months after herbicide treatment (MAT)
at the Center for Athletic Field Safety (Knoxville, TN) in 2012. No significant
differences were detected among herbicide treatments at α = 0.05.

Figure 5.3. Hybrid bermudagrass [C. dactylon (L.) Pers. x C. transvaalensis BurttDavey, cv. ‘Tifway’] recovery from divoting 3 months after herbicide treatment (MAT)
at the Center for Athletic Field Safety (Knoxville, TN) in 2012. No significant
differences were detected among herbicide treatments at α = 0.05.

CONCLUSIONS

Results of this research indicate that PRE herbicides can negatively impact hybrid
bermudagrass morphology. Reductions in rooting as well as substantial foliar injury
documented in plants treated with indaziflam is useful for both continuing research
efforts surrounding the CBI mode of action, and for refining best practices for using
indaziflam for weed control in hybrid bermudagrass. Our experiments indicate that the
adverse effects of applying this herbicide (i.e., foliar injury) may be limited to turfgrasses
established in sand-based rootzones. While the majority of hybrid bermudagrasses golf
course fairways in Tennessee are soil-based, this information is valuable to golf course
superintendents in areas where sand-based fairways are most common (i.e., Florida,
Texas, Hawaii), as well as athletic field managers, sod producers, and lawn care
professionals culturing bermudagrass on sand-based rootzones.
Other experiments illustrated that PRE herbicides affect hybrid bermudagrass
nutrient content. Moreover, reductions in Mn and Mg content with the cellulose
biosynthesis inhibitor indaziflam may explain the foliar injury observed following
application to plants established in sand culture. Further research illustrated that
increasing organic matter content in sand-based rootzones lessens root reductions with
PRE herbicides and foliar injury with indaziflam. These data not only advanced the body
of knowledge on the cellulose biosynthesis mode of action, but also helped to refine
programs for using indaziflam for weed control in the field. These studies have allowed
for end-user recommendations to be adjusted such that single application use rates on
sand based rootzones are now limited to 52.5 g ha-1, applications to plants rooted < 15 cm
are discouraged, as are applications on sand based rootzones with less than 0.007 kg kg-1.
Furthermore, results of our divot experiment indicate that PRE herbicides do not affect

hybrid bermudagrass divot resistance or recovery; however, additional data are to be
collected to confirm this response. Given the frequency of divoting in golf and other
athletic events, these findings are valuable to golf course superintendents and athletic
field managers desiring to use PRE herbicides for weed control in hybrid bermudagrass.
Future research should be conducted to determine if applications of Mg and Mn
surrounding indaziflam applications could prevent or remedy hybrid bermudagrass foliar
injury common in sand culture. Additionally, further research is needed to determine if
the increased organic matter content required to reduce likelihood of foliar injury with
indaziflam in sand culture will affect weed control efficacy.
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